



Year : 2018 
Molecular mechanisms underlying light-modulated leaf nastic 
responses in Arabidopsis 
Michaud Olivier 
Michaud Olivier, 2018, Molecular mechanisms underlying light-modulated leaf nastic 
responses in Arabidopsis 
Originally published at : Thesis, University of Lausanne 
Posted at the University of Lausanne Open Archive http://serval.unil.ch 
Document URN : urn:nbn:ch:serval-BIB_0C6F1E2B97239
Droits d’auteur 
L'Université de Lausanne attire expressément l'attention des utilisateurs sur le fait que tous les 
documents publiés dans l'Archive SERVAL sont protégés par le droit d'auteur, conformément à la 
loi fédérale sur le droit d'auteur et les droits voisins (LDA). A ce titre, il est indispensable d'obtenir 
le consentement préalable de l'auteur et/ou de l’éditeur avant toute utilisation d'une oeuvre ou 
d'une partie d'une oeuvre ne relevant pas d'une utilisation à des fins personnelles au sens de la 
LDA (art. 19, al. 1 lettre a). A défaut, tout contrevenant s'expose aux sanctions prévues par cette 
loi. Nous déclinons toute responsabilité en la matière. 
Copyright 
The University of Lausanne expressly draws the attention of users to the fact that all documents 
published in the SERVAL Archive are protected by copyright in accordance with federal law on 
copyright and similar rights (LDA). Accordingly it is indispensable to obtain prior consent from the 
author and/or publisher before any use of a work or part of a work for purposes other than 
personal use within the meaning of LDA (art. 19, para. 1 letter a). Failure to do so will expose 
offenders to the sanctions laid down by this law. We accept no liability in this respect.
 
 
Centre Intégratif de Génomique 
 
 
Molecular mechanisms underlying light-modulated leaf nastic 
responses in Arabidopsis  
 
 
Thèse de doctorat ès sciences de la vie (PhD) 
 
présentée à la 
 
Faculté de biologie et de médecine 







Master de l’Université de Lausanne 
 
Jury 
Prof. Jérôme Goudet, Président 
Prof. Christian Fankhauser, Directeur de thèse 
Prof. Ioannis Xenarios, Co-directeur de thèse 
Prof. Edward Farmer, Expert 






















“ There must be something behind the energy ” 
 





Tout d’abord, je tiens à remercier sincèrement Christian Fankhauser, mon 
superviseur de thèse, pour avoir accepté de me superviser tout au long de mes 
travaux de recherche, et ce, depuis ma maîtrise. Les qualités de superviseur, de 
scientifique et de conseiller que tu possèdes forment un cocktail qui est sans doute 
à la base de cette réussite qu’est ton groupe. Merci pour ta confiance en nos projets 
et pour nos discussions riches et stimulantes sur ces mécanismes fascinants qui 
permettent aux plantes de donner le meilleur d’elles-mêmes. 
 
Je tiens également à remercier Ioannis Xenarios, mon co-superviseur de thèse, pour 
ses conseils avisés et pour le soutien qu’il nous a fourni, à l’aide de toute son équipe, 
tout au long de ces années passées à modéliser nos plantules d’Arabette. Je 
garderai particulièrement en mémoire la confiance que tu m’as accordée lors du 
passage de ma maîtrise à ma thèse, lorsque tu m’as demandé si je voulais continuer 
sur ce projet. Merci aussi pour ta personnalité et ta sympathie qui touchent. 
 
Merci aux professeurs Jérôme Goudet, Edward Farmer et François Tardieu pour 
avoir accepté de faire partie de mon comité de thèse. Vos conseils et vos 
encouragements ont été précieux dans l’accomplissement de ce travail. 
 
Un merci spécial à Tino Dornbusch, mon superviseur de projet de Master, pour le 
soutien qu’il a été dans le suivi de mon travail et dans le développement de cette 
plateforme de phénotypage. Merci pour cette belle collaboration que l’on a eu en 
début de doctorat et qui a porté ses fruits. 
 
Bien évidemment, merci à tous les membres passés et présents du lab 
Fankhauser dont j’ai eu le plaisir de croiser la route: Séverine, Emilie, Tim, Tobias, 
Anupama, Bogna, Mieke, Markus, Perrine, Antoine, Cécile, Paolo, Yetkin, Prashant, 
Emanuel, Martial, Ana, Ganesh, Isabelle. Merci pour votre aide, vos conseils et pour 
l’ambiance de travail. Merci à Martine et Laure pour le soutien que vous apportez 
dans le fonctionnement du lab. Merci à Gilles Boss pour toutes les réalisations que 
tu as faites concernant nos projets quotidiens au labo. Merci à Corinne et Nathalie 
 5 
qui font un travail de l’ombre impeccable. Un gros merci à Alessandra, Martina et 
Vinicius pour votre aide particulière dans les dernières étapes de cette thèse et pour 
l’élaboration de ce document. Une pensée spéciale à Fabien pour les superbes 
moments passés entre nos deux familles et qu’on doit absolument renouveler. A toi 
Anne-So, j’adresse un merci tout particulier pour ta collaboration, ta sympathie, ton 
efficacité et ton aide sans faille qui ont contribué à notre publication et à ce 
document. Finalement, une pensée à tous les gens du CIG, du DBMV, spécialement 
à Andrzej pour ton aide, à ceux de l’Eprouvette et à ceux que j’ai oubliés. 
 
A côté du travail, il y a bien évidemment tout le reste. Je tiens à remercier 
profondément tous ceux qui m’ont soutenu, de près ou de loin, dans 
l’accomplissement de cette thèse et dans le quotidien en général. 
 
A ma famille, frères, sœur, belle-sœur, nièces, futur(e) neveu ou nièce et grands-
parents.  
 
A ma belle-famille. 
 
A mes amis, avec une pensée spéciale à Tim pour nos trips sur les atomes jusqu’à 
pas d’heure et pour ta curiosité sans pareille pour la nature qui nous entoure. 
 
A mes parents, le fruit de mes études est avant tout le fruit de vos sacrifices. 
 
A Chant, ma moitié, mon tout. 
 
A notre rayon de soleil, Sofia. 
 
Finalement, à Toi qui nous guide. 
  
 6 
Table of contents 
 
REMERCIEMENTS ............................................................................................................ 4 
TABLE OF CONTENTS ..................................................................................................... 6 
LIST OF ABBREVIATIONS ............................................................................................... 8 
RÉSUMÉ.......................................................................................................................... 11 
SUMMARY ...................................................................................................................... 12 
GENERAL INTRODUCTION ........................................................................................... 13 
PERCEPTION OF LIGHT SIGNALS IS ESSENTIAL FOR PLANT SURVIVAL .................................. 13 
Light as a source of information and energy in plants ............................................... 13 
Role of photoreceptors in plant adaptation and development ................................... 14 
SHADE AVOIDANCE RESPONSE ........................................................................................ 17 
Light perception and strategies in competitive environments .................................... 17 
Importance of PIF-mediated auxin signaling in neighbor detection ........................... 19 
Other phytohormones involved in neighbor detection ............................................... 23 
LEAF HYPONASTY: AN ESSENTIAL TRAIT DURING SHADE AVOIDANCE .................................. 24 
Types of movement and underlying mechanisms in plants ....................................... 24 
Leaf hyponasty in response to abiotic stresses ......................................................... 27 
A ROLE FOR LEAF HYDRAULICS IN SHADE-INDUCED HYPONASTY? ...................................... 33 
Water transport and hydraulic properties in plants .................................................... 33 
Light and hormonal regulation of leaf hydraulics ....................................................... 35 
Links between hydraulics and nastic movements in leaves ...................................... 38 
AIM OF THE STUDY ......................................................................................................... 40 
RESULTS ........................................................................................................................ 41 
INTRODUCTION TO RESULTS............................................................................................ 41 
CHAPTER I .................................................................................................................. 42 
Overview .................................................................................................................. 43 
CHAPTER II ................................................................................................................. 65 
Overview .................................................................................................................. 66 
Complementary results ............................................................................................. 82 
CHAPTER III ................................................................................................................ 87 
 7 
Overview ................................................................................................................... 88 
Introduction ............................................................................................................... 89 
Materials and methods .............................................................................................. 94 
Results ...................................................................................................................... 97 
Discussion .............................................................................................................. 108 
Acknowledgments ................................................................................................... 109 
GENERAL DISCUSSION ............................................................................................... 110 
LINK BETWEEN GROWTH AND MOVEMENT IN ARABIDOPSIS ............................................... 110 
AUXIN SIGNALING DURING SHADE-INDUCED HYPONASTY: FROM SITE-SPECIFIC SHADE 
PERCEPTION TO LOCAL LEAF RESPONSE......................................................................... 111 
DECIPHERING THE ROLE FOR ABSCISIC ACID DURING LEAF ADAPTATION TO SHADE ............ 113 
CONCLUSION ............................................................................................................... 117 
FUTURE PERSPECTIVES ............................................................................................. 121 




List of abbreviations 
 
AAO  Abscisic aldehyde oxidase 
ABA  hormone: Abscisic acid 
ABA  gene/protein: ABA-deficient 
ABC  ATP-binding cassette 
ACC  1-aminocyclopropane-1-carboxylic acid 
ACO  ACC oxidase 
AFB  Auxin signaling F-box 
AP2  Apetala 2 
AQP  Aquaporin 
Aux  Auxin-inducible 
AUX1  Auxin resistant 1 
ARF  Auxin response factor 
BCH  b-carotenoid hydroxylase 
BG  b-glucosidase 
bHLH  Basic helix-loop-helix 
BL  Blue light 
BLUS1 Blue light signaling 1 
BR  Brassinosteroid 
BSC  Bundle sheath tissues 
CMT  Cortical microtubule 
cry  Cryptochrome 
CYP707A Cytochrome P450 707 A 
d  Day 
2,4-D  2,4-dichlorophenoxyacetic acid 
DR5  Synthetic auxin-responsive promoter 
E  Transpiration flow 
EMS  Ethyl methanesulfonate 
ERF  Ethylene responsive factor 
FKF1  Flavin-binding kelch F-box 1 
FR  Far-red light 
GA  Gibberellin 
 9 
GC  Stomata 
GE  Glucosyl ester 
Glc  Glucose 
GUS  b-glucoronidase 
GWAS Genome-wide association study 
HFR1  Long hypocotyl in far-red 1 
HSD  Honestly significant difference 
HY5  Elongated hypocotyl 5 
IAA  hormone: Indole acetic acid 
IAA  gene/protein: Indole-3-acetic acid-inducible 
IPA  Indole-3-pyruvate 
K+  Potassium ion 
Kleaf  Leaf hydraulic conductance 
LAX  Like auxin resistant 
LD  Long day (16-hour light period and 8-hour night period) 
LKP2  LOV kelch protein 2 
LOV  Light, oxygen and voltage sensing 
Lpr  Root hydraulic conductance 
MC  Mesophyll tissues 
MoCo  Molybdenum cofactor 
msg2  massugu2 
n  Number of individuals 
1-NAA 1-Naphthaleneacetic acid 
NCED  9-cis-epoxycarotenoid dioxygenase 
NPA  1-N-naphthylphthalamic acid 
PAR  Photosynthetically active radiation 
PAT  Polar auxin transport 
PGP  P-glycoprotein 
phot  Phototropin 
phy  Phytochrome 
Pfr  Far-red sensing phytochrome (active form) 
PHR  Photolyase homology region 
PIF  Phytochrome-interacting factor 
 10 
PIL  Pin-like 
PIP  Plasma membrane intrinsic protein 
PKS4  Phytochrome kinase substrate 4 
PP2C  Protein phosphatase 2C 
Pr  Red sensing phytochrome (inactive form) 
PYL  PYR1-like 
PYR1  Pyrabactin resistance 1 
RCAR  Regulatory component of ABA receptor 
R:FR  Ratio between red light and far-red light 
RL  Red light 
ROS  Reactive oxygen species 
SAS  Shade avoidance syndrome 
SAV3  Shade avoidance 3 
SDR  Short-chain dehydrogenase reductase 
SHYG  Speedy hyponastic growth 
SnRK2 SNF1-related protein kinase 2 
t  Time 
TAA1  Tryptophan aminotransferase of Arabidopsis 1 
TIP  Tonoplast intrinsic protein 
TIR1  Transport inhibitor response 1 
Trp  Tryptophan 
UGT  Uridine diphosphate glucosyltransferase 
UVR8  UV-B resistance 8 
VDE  Violaxanthin de-epoxidase 
XTH  Xyloglucan endotransglucosylase/hydrolase 
YUC  Yucca 
ZEP  Zeaxanthin epoxidase 
ZT  Zeitgeber (ZT0/ZT16 = start/end of the 16-hour light period) 





La lumière est essentielle pour les plantes car elle leur permet non seulement de 
faire la photosynthèse mais aussi de s’informer sur leur environnement. Par 
exemple, la présence de compétiteurs induit des changements dans la qualité de 
l’environnement lumineux qui sont perçus par la plante grâce à des photorécepteurs 
appelés phytochromes. En cas de compétition, la plante déclenche une série de 
réponses physiologiques (appelées «syndrome d'évitement de l'ombre») telles que 
l’hyponastie foliaire qui consiste à réorienter ses feuilles vers le haut afin de favoriser 
l’accès à la lumière. Les acteurs clés de ce syndrome comme les PIF (Phytochrome 
Interacting Factors) et l’auxine sont connus, contrairement à la façon dont les 
événements de signalisation se succèdent jusqu’à l'hyponastie. De plus, un 
environnement compétitif est souvent caractérisé par des conditions de lumière 
hétérogènes pouvant entraîner un ombrage partiel de la plante et donc des réponses 
locales, mais les mécanismes à l’origine de ces réponses locales demeurent 
inconnus. 
Dans ce travail, nous développons une approche se basant sur la technique à 
balayage laser qui permet d’analyser de façon non invasive la croissance et le 
mouvement des organes foliaires chez Arabidopsis thaliana. Cette approche nous a 
permis de décrire ces traits dans différentes conditions lumineuses et ainsi 
d’observer un découplage, dans certains cas, entre la croissance et le mouvement. 
Ensuite, nous explorons en détail les mécanismes impliqués dans la réponse 
hyponastique à l’ombre. Nous montrons d’abord que la perception de l’ombre se fait 
spécifiquement à la pointe de la feuille, là où est induite une production accrue 
d’auxine. L’auxine est ensuite transportée principalement dans les tissus vasculaires 
et ce, jusqu'au pétiole, où elle déclenche une suite d’évènements menant à 
l'hyponastie. Nous rapportons aussi le caractère local de l’hyponastie induite par 
l'ombre qui peut être expliqué par une restriction des signaux d’auxine à la feuille qui 
perçoit le signal. Finalement, nous observons également une augmentation de la 
production d’acide abscissique régulée par les PIF dans ces conditions et nous lui 
attribuons un nouveau rôle, potentiellement en aval de l'auxine, en montrant que sa 




Light is essential for plants not only because it fuels photosynthesis but also because 
it acts as a signal informing plants about their surrounding environment. In presence 
of competitors, changes in light quality are sensed by the phytochrome 
photoreceptors and trigger a suite of plant adaptive responses known as the “shade-
avoidance syndrome” (SAS). These responses include leaf hyponasty (upwards leaf 
reorientation) which allows to enhance plant access to sunlight. Several key SAS 
players such as the PIFs (phytochrome-interacting factors) and auxin have been 
studied in detail. Nevertheless, how SAS signaling events are integrated and lead to 
leaf hyponasty is still unknown. Moreover, competitive environments are often 
characterized by heterogeneous light conditions potentially leading to partial plant 
shading. Although it is well known that such a situation can trigger local plant 
adaptive responses, the mechanisms involved in these processes have remained 
elusive so far. 
In this work we first develop a laser-scanning approach allowing the non-invasive 
monitoring of growth and movement in Arabidopsis leaf organs. We then report the 
patterns of leaf growth and movement in plants grown under different light regimes 
and conclude that, in certain conditions, these two processes are uncoupled. 
Afterwards, we explore the mechanisms leading to shade-induced leaf hyponasty. 
We find that shade signals are specifically perceived at the leaf tip where they trigger 
an increase in auxin production. Newly produced auxin is transported through 
vascular tissues down to the petiole where it induces downstream signaling events 
leading to hyponasty. We further demonstrate the local nature of the shade-induced 
leaf hyponasty and propose that this can be explained by auxin dynamics being 
restricted to the leaf perceiving the signal. Finally, we investigate abscisic acid (ABA) 
physiology during leaf adaptation to shade and show that shade signals induce an 
increase in ABA levels in a PIF4,5,7-dependent manner. In addition we establish a 
new role for ABA, potentially downstream of auxin, in shade-induced leaf hyponasty 




Perception of light signals is essential for plant survival 
Light as a source of information and energy in plants 
The survival of every living organism on earth depends on its ability to adapt to the 
conditions in its surrounding environment. Plants are sessile organisms and, 
contrary to most animals, they spend their whole life cycle at the unique location 
where they first germinated. Plants possess a remarkable developmental feature 
called phenotypic plasticity which allows them to optimize their growth in ever-
changing environmental conditions imposed by their specific location. Such a trait 
enables plants to deal with important and fluctuating environmental biotic and abiotic 
factors like humidity, temperature and light. Mechanisms have evolved in plants for 
perceiving even slight variations in the quality, quantity and duration of those abiotic 
factors thereby permitting plants to adapt their growth consequently. For instance, 
being informed about the presence of competitors through the perception of changes 
in light quality in their surrounding environment allows plants to trigger physiological 
adaptations that might reduce the negative impact of future shade on their growth 
(1). Among the above-mentioned abiotic factors, light is particularly important as it is 
not only a factor influencing growth but also a direct source of energy fueling it. 
Indeed, a certain range of the solar spectrum called photosynthetically active 
radiation (PAR, l = 400 - 700 nm) is absorbed by chlorophyll and other 
photosynthetic pigments located in the chloroplasts of aerial plant parts to enable 
the conversion of water and carbon dioxide into sugars and oxygen. This process 
happens mostly in leaves where sugar can be either used locally, exported as 
sucrose for plant biomass production or stocked as starch for the following night 
period (2). Excessive light incidence can however lead to irreversible damages of 
the photosynthetic apparatus and plants therefore need to continuously optimize 
light harvesting while avoiding photodamage (3). 
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Role of photoreceptors in plant adaptation and development 
At a given location and throughout the life cycle of a plant, the quality, intensity and 
periodicity of natural light conditions can be highly variable and can change 
according to the time of the day and year but also to the potential development of 
nearby vegetation (4). In order to track such changes in light conditions plants have 
evolved multiple photoreceptors whose role is to transduce light cues into biological 
signals. Interpretation of the light signals by the plant further leads to adaptive 
developmental responses which are known as photomorphogenesis. As previous 
studies mainly focused on Arabidopsis thaliana as a plant model, we will therefore 
concentrate on what is known is this species. Several families of plant 
photoreceptors have been discovered so far comprising the UV-B sensing UV-B 
RESISTANCE 8 (UVR8), the blue/UV-A sensing Zeitlupe, cryptochrome and 
phototropin families as well as the red/far-red sensing phytochrome family (Fig. 1). 
UVR8 is the only known plant photoreceptor allowing UV-B (l = 280-315 nm) specific 
perception (Fig. 1A). Once activated by perception of UV-B, UVR8 modulates 
expression of target genes involved in a suite of photoprotective strategies such as 
production of reflective waxes and phenolic compounds in the leaf epidermal tissues 
serving as a “sun-screen” preventing the plant from suffering deleterious effects of 
UV-B on its organic components (Fig. 1B) (5, 6). In addition, UVR8 has recently been 
shown to play a role in other plant adaptations to light including hypocotyl bending 
during phototropism (organ bending towards a directional blue light signal) and 
stomatal movements in leaves (Fig. 1B,D) (7, 8).  
UV-A/blue light (l = 390-500 nm) perception in plants is confined to three 
photoreceptor families (Fig. 1A). The first one is the Zeitlupe family which comprises 
three members: Zeitlupe (ZTL), Flavin-binding Kelch F-box 1 (FKF1) and LOV Kelch 
Protein 2 (LKP2). Structurally Zeitlupes are characterized by the presence of one 
single photosensory LOV (Light, Oxygen and Voltage sensing) domain in their N-
terminal region. Concerning their role in plant physiology, they are especially 
important in the control of biological timing processes such as photoperiod-
dependent flowering (Fig. 1C) (9). The second family corresponds to the 
phototropins and is composed of two members, phot1 and phot2, each of them 




Figure 1.  Light absorption spectrum of plant photoreceptors and their role in plant 
development and adaptation to the light environment 
(adapted from Galvao and Fankhauser, 2015, Current Opinion in Neurobiology) 
 
(A) Detailed absorption spectra for the different classes of plant photoreceptors. (B) The 
participation of photoreceptors in three major situations of plant adaptation to stressful light 
environmental conditions. Left: phototropic response in seedlings. Middle: adaptation to 
harmful UV-B emissions in rosette leaves. Right: competitive conditions triggering adaptive 
shade avoidance responses. (C) Life cycle of an Arabidopsis plant with illustrations of the 
major developmental transitions and the photoreceptors involved in those processes. From 
left to right: seed germination, seedling de-etiolation, vegetative growth of the rosette, 
induction of flowering, transition to senescence. (D) Two examples of cellular processes 
mediated by photoreceptors. Left: movement of chloroplasts towards light to favor light 
capture in limited light conditions (small arrows) and movement of chloroplasts away from 
strong light irradiance (large arrows) to avoid photodamage. Right: movement of the guard 
cells (increasing turgor) which results in the opening of the stomata. 
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domain in the C-terminal part. Blue light (BL) induces a conformational change in 
phototropins which triggers their autophosphorylation as well as phosphorylation of 
downstream signaling targets. Phototropins have important roles in plant adaptation 
responses leading to optimization of photosynthesis such as chloroplast and 
stomatal movement or promotion of differential growth such as phototropism (Fig. 
1B,D) (10, 11). A role for phototropins in BL-mediated leaf flattening and leaf 
movement was also highlighted (12, 13). Only three direct targets of phototropins 
have been identified so far: a positive mediator of stomatal opening named BLUE 
LIGHT SIGNALING 1 (BLUS1) (14), the auxin efflux carrier ATP-BINDING 
CASSETTE B19 (ABCB19) (15) and the PHYTOCHROME KINASE SUBSTRATE 4 
(PKS4), the two latter being involved in phototropic bending of the hypocotyl. The 
two cryptochromes cry1 and cry2 form the third family of UV-A/blue sensing 
photoreceptors. Unlike previously cited blue-sensing families, cryptochromes use a 
photolyase homology region (PHR) domain located in their N-terminal part for light 
sensing (11). Blue light activation of cryptochromes can lead to diverse 
photomorphogenic responses (16) (Fig. 1B,C). For instance, cryptochromes were 
shown to play an important role in seedling de-etiolation and photoperiod-controlled 
flowering (11, 17). A role is also attributed to these photoreceptors in BL-mediated 
shade avoidance responses in young seedlings and leaves (18, 19, 20). For 
instance, cry mutants were shown to be affected in BL-mediated leaf repositioning 
during shade avoidance (21). 
Phytochrome photoreceptors are particularly known for their major role as red light 
(RL) and far-red light (FR) sensing photoreceptors. Phytochromes exist under two 
different states in the plant: they are produced under their red-absorbing (l =~670 
nm) inactive form but perception of red light rapidly switches them to their far red-
absorbing (l =~730 nm) active form, and inversely (22). This results in a permanent 
photoequilibrium in the plant where the amounts of active and inactive forms reflect 
the current red:far-red (R:FR) ratio in the plant surroundings. Mechanisms for 
degradation and thermal reversion of the active form of phytochromes allow the plant 
to avoid excessive active signaling in response to light cues (23). The phytochrome 
family comprises five members (phyA, phyB, phyC, phyD, phyE) which have both 
overlapping and distinct roles in many processes during plant development and 
adaptation like germination, seedling establishment, stomatal development, 
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flowering transition and shade avoidance (Fig. 1) (24, 25). While phyA and phyB are 
the most studied phytochromes, phyB is especially known for its predominant role in 
R:FR-mediated photomorphogenesis. The photolabile phyA has an antagonistic 
function to phyB but its role is mainly limited to early stages of seedling development 
(22). Phytochromes act as homo- or heterodimers. Their photosensory domain is 
located in the N-terminal region while their C-terminal region is essential for 
dimerization and interaction with downstream signaling targets. Among these 
targets, the PHYTOCHROME INTERACTING FACTORS (PIFs) are well known 
basic helix-loop-helix (bHLH) transcription factors involved in massive transcriptomic 
remodulation during many plant developmental processes such as adaptation to 
shade (26). 
Shade avoidance response 
Light perception and strategies in competitive environments 
As green plant tissues absorb BL and RL (lBL=~400-500nm, lRL=~600-700nm) for 
photosynthesis and reflect FR (l =700nm-800nm), the presence of competitors 
triggers a reduction of the R:FR ratio in the direct vicinity of a plant individual (Fig. 
2A, left and middle) (27). R- and FR-sensing phytochromes are therefore excellent 
sensors for neighbor detection, with phyB playing a predominant role in the process 
in de-etiolated plants. Phytochrome photoequilibrium varies according to the R:FR 
ratio and it was observed that low R:FR-induced stem elongation inversely correlates 
with active phyB levels (4). Neighbor-detecting mechanisms are particularly 
important in environments where plants are growing at high densities such as 
agricultural systems. In natural environments, reduction in R:FR rather represents 
an early step in the development of a canopy when no change in global light intensity 
has happened yet (27). Later when canopy cover further develops, a general 
reduction in photosynthetically active radiation is observed and affects both light 
signaling and photosynthetic activity (Fig. 2A, right). The late lowering in RL and BL 
intensities are additional signals perceived by phytochromes and cryptochromes, 
respectively. Combination of these signals enhance early low R:FR-triggered 
adaptive responses (18, 20, 21, 28). Interestingly, recent observations indicate that 
low BL signals perceived by cryptochromes enhance low R:FR-induced responses 
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through inhibition of negative regulators of the R:FR responses (18). Signal 
convergence between phytochromes and phototropins is also established. Indeed, 
phytochrome-mediated growth enhancement in low R:FR reinforce BL-regulated 
phototropic response in hypocotyls, suggesting a mechanism for optimization of light 
capture in poor light conditions (29). 
It is important to note that a developing canopy is a heterogeneous light environment 
where sunflecks and canopy gaps may offer transient access to unfiltered sunlight 
and thereby inhibit shade-initiated responses (30). Indeed, unfiltered UV-B 
emissions through the canopy negatively impact low R:FR-induced traits like stem 
elongation or upwards leaf movement in an UVR8-dependent manner (31, 32).  In 
addition, such light environments may trigger heterogeneous light perception among 
distant organs within the same plant individual. While the existence of reciprocal 
communication between distant organs has been observed, some shade-induced 
responses are restricted to the shaded organs (33, 34, 35, 36).  
Two major strategies have been observed among plant species facing stressful 
shade conditions in their natural environment: shade tolerance and shade 
avoidance. On the one hand, the shade tolerance strategy favors the ability of plants 
to deal with limited light conditions. For instance, some species have developed 
ways to manipulate photosynthetic efficiency and readjust leaf morphology to 
increase light capture (37). Interestingly, shade-tolerant responses are rather 
regulated by a decrease of PAR than a decrease in R:FR ratio (38). On the other 
hand, shade avoidance, a widespread strategy among plants (including 
Arabidopsis), comprises a suite of developmental adaptations mostly resulting in 
increased vertical growth thereby favoring overtopping of competitors and better light 
interception (27). Moreover, there is increasing evidence for other important aspects 
of shade avoidance such as readjustments in nutrient uptake, structural acclimation 
or in  regulation of plant hydraulics (38). As a counterpart, reallocation of resources 
in shade avoidance may imply reduction in energy-costly processes like biomass 
production or defenses against predators (39, 40). Typical shade avoidance 
responses triggered by low R:FR are increased stem elongation, upwards leaf 
movement (hyponasty), inhibition of branching or acceleration of flowering, all these 
responses constituting the Shade Avoidance Syndrome (SAS) (41). 
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Importance of PIF-mediated auxin signaling in neighbor detection 
Phytochromes are synthesized under their inactive form (Pr) in the cytoplasm (Fig. 
2B). Upon red light perception active phytochromes (Pfr) migrate to the nucleus 
where they interact with PIFs, a family of bHLH transcription factors which form a 
central hub in the coordination of external and internal signals influencing plant 
growth (42). Interaction between active phytochromes and PIFs leads to 
phosphorylation and subsequent degradation of PIFs, except for PIF7 which subsists 
under its inactive phosphorylated form (43). A decrease in environmental R:FR shifts 
phytochromes to their inactive state. Phytochromes can then no longer inhibit the 
activity of PIFs which, in turn, induce massive remodulation in gene expression 
overall acting positively on SAS (43, 44, 45). Among the seven PIFs interacting with 
phyB, only three (PIF4, PIF5, PIF7) seem to be involved in shade responses (43, 
46). While PIF7 seems to be restricted to low R:FR responses, PIF4 and PIF5 play 
a crucial role in the convergence between low R:FR and BL/UV-B signaling pathways 
at late stages of canopy development (20, 21, 31, 43). Other members of the bHLH 
family such as LONG HYPOCOTYL IN FAR-RED 1 (HFR1) play a negative role in 
SAS through direct inhibition of PIFs, preventing the plant from an excessive 
response (47). 
A significant amount of PIF-targeted genes are involved in regulation of the auxin 
phytohormone, well known for its role in plant growth and key actor in SAS (Fig. 2B, 
top panel). Auxin production is enhanced in shade conditions (48, 49). In leaves, 
auxin production takes place mainly at leaf margins (50) and shade enhances auxin 
production specifically at this site although increase in auxin levels have been 
recorded simultaneously in blade and petiole organs (51). The burst in auxin 
biosynthesis seems to happen during the first 24 hours of shade, auxin levels getting 
back to normal after this period (51, 52). Therefore, changes in auxin levels cannot 
fully explain long-term low R:FR-induced responses. The major route of auxin 
biosynthesis relies on two sequential enzymatic steps: first the enzyme 
TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1/SHAVE AVOIDANCE 
3 (TAA1/SAV3) catalyzes the conversion of tryptophan to indole-3-pyruvate (IPA); 
then enzymes of the YUCCA family mediate the conversion of IPA to indole acetic 
acid (IAA), the natural auxin (49, 53). The latter step is rate-limiting in the process 
(53). Four YUCCA genes (YUC2, YUC5, YUC8, YUC9) are specifically induced in  
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Figure 2.  Shade perception and signaling in competitive environments 
(A-B adapted from Fiorucci and Fankhauser, 2017, Current Biology; C from Woodward and Bartel, 2005, Plant Cell) 
 
(A) Consecutive steps during the development of a canopy. Left: direct sunlight (white arrows) 
conditions with full amounts of UV-B, blue and red light. Absence of neighbors results in a high 
R:FR ratio in the environment. Middle: presence of neighbors which reflect FR light (red arrows) 
without masking direct sunlight. Reflected FR triggers a decrease in the R:FR ratio while amounts 
of UV-B, blue and red light remain intact. Right: plants at the top of the canopy get direct sunlight 
while plants under the canopy perceive only filtered sunlight (grey arrows) and reflected FR. Not 
only R:FR ratio but also UV-B, blue and red light are decreased. Canopy gaps create blue light 
gradients indicating direction of phototropic bending. (B) Signaling in seedlings during neighbor 
detection. Top panel: perception of FR signals (red lightning symbols) in cotyledons inactivates 
phys thereby triggering PIF-mediated responses like YUC-mediated increased auxin production. 
Lower panel: auxin is polarly transported to the hypocotyl while redistributed laterally where it 
triggers tissue-specific and elongation responses. FR perception in the hypocotyl may also lead 
to IAA-dependent and independent responses involved in hypocotyl elongation. (C) Signaling 
pathway downstream of auxin in the nucleus. Auxin interaction with TIR1/AFBs leads to 
degradation of the Aux/IAAs negative regulators. This releases activity of ARFs which trigger 
expression of auxin-responsive genes (including Aux/IAAs: negative feedback loop) thereby 
activating auxin responses. 




low R:FR while TAA1 expression seems to be slightly repressed in these conditions 
(43, 45, 54). Overall, mutants impaired in auxin biosynthesis display significant 
defects in shade responses (43, 44, 51), the quadruple yuc2yuc5yuc8yuc9 mutant 
even displaying fully disrupted shade-induced elongation responses (45, 54). 
Inversely, auxin treatments mimic the effects of shade on gene expression and 
elongation responses (43, 45, 49, 51, 55). While PIF4, PIF5, PIF7 bind to promoters 
of the four low R:FR-induced YUC genes, PIF7 seems to play a prominent role in 
YUC expression, auxin biosynthesis and stem elongation in such conditions (43, 44). 
PIF4 and PIF5 appear to be rather involved in auxin sensitivity at later stages of 
canopy formation when blue light decreases (19, 21, 56). Indeed, auxin levels are 
decreased in canopy situations and it was suggested that PIF4 and PIF5 would allow 
the plant to respond better to weaker auxin signals in such conditions (56). In 
addition, low BL signals do not seem to trigger significant changes in the regulation 
of genes related to auxin production, supporting the idea that canopy shade signals 
affect auxin signaling rather than auxin biosynthesis (20). 
A proper shade response not only requires intact auxin production but also intact 
polar auxin transport (PAT) (Fig. 2B, lower panel) (48, 49, 51, 57, 58, 59). Entering 
cells is relatively easy for auxin as the low pH of extracellular compartments converts 
it to its protonated form. Auxin internalization is also facilitated by the auxin influx 
carriers from the AUXIN RESISTANT 1/LIKE AUXIN RESISTANT (AUX1/LAX) 
family comprising AUX1, LAX1, LAX2 and LAX3 (60, 61). Once in the cell, auxin 
becomes deprotonated and requires efflux transporters to continue its cell-to-cell 
polar migration. Auxin efflux carriers belong to three families: the members of the 
PIN family which localize polarly in the cells; the ATP-BINDING CASSETTE/P-
GLYCOPROTEIN (ABC/PGP) family whose members contribute mainly to efflux but 
also to uptake of auxin in the cells; and finally, the PIN-LIKE (PIL) family (60). In 
parallel to the main PAT, a study recently suggested the existence of a secondary 
connective transport allowing auxin to spread radially from the main stream to 
surrounding tissues, PIN3, PIN4 and PIN7 being the main actors of this process (62). 
Interestingly, low R:FR induces expression of several auxin transporter coding genes 
among which are PIN3, PIN4 and PIN7 (45, 48). Along with this hypothesis, the 
significant shade-induced decrease in PIN1 expression, which seems to be crucial 
for the main polar stream through the vasculature, supports the idea that maintaining 
high auxin in the stem is favored in such conditions at the expense of downwards 
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transport to the roots (62, 63, 64). It is interesting to note that many of the above-
mentioned auxin carriers are involved in BL-responses (20). For instance, some of 
them were shown to mediate phototropism where they probably help in the formation 
of the asymmetrical auxin gradient leading to organ bending (65). There is a long 
standing debate about the nature of the moving signal which connects shade sensing 
and consecutive auxin production in cotyledon and blade with shade-induced 
elongation in hypocotyl and petiole, respectively (66). Nowadays, there is increasing 
evidence for auxin being this long-distance signal (34, 45, 51, 58, 67). This being 
said, Kohnen et al. (2016) observed  upregulation of many auxin-regulated genes 
simultaneously in cotyledons and hypocotyl (45). In addition, they also showed that 
some auxin responsive genes were induced in hypocotyl in absence of functional 
auxin biosynthesis or transport. This points toward the importance of local auxin 
metabolism at the site of elongation responses which can happen independently of 
auxin produced in upper parts (68). Recently, the ELONGATED HYPOCOTYL 5 
(HY5) transcription factor which plays a negative role in shade response was 
observed as a mobile signal allowing communication between aerial parts and roots 
(35, 69). Further investigations are required to shed light on the potential existence 
of additional signals to auxin that would allow inter-organ communication in shade 
conditions. 
Signaling downstream of auxin is crucial during shade avoidance and auxin has been 
shown to rapidly modulate the expression of many transcription factors as well as 
genes involved in cell elongation (45, 70, 71). In the nucleus, auxin binds to a co-
receptor complex formed by a member of the TRANSPORT INHIBITOR 
RESPONSE1/AUXIN SIGNALING F-BOX (TIR1/AFB) family and a member of the 
AUXIN- OR INDOLE-3-ACETIC ACID-INDUCIBLE (Aux/IAA) family (Fig. 2C) (72). 
This interaction leads to the degradation of the Aux/IAAs which act as repressors of 
auxin-induced gene expression. Degradation of Aux/IAAs releases the activity of 
AUXIN-RESPONSE FACTORs (ARFs) which then trigger expression of auxin-
induced genes. Some Aux/IAAs including IAA19 and IAA29, whose promoter regions 
are bound by PIFs, are rapidly induced in low R:FR conditions and this is proposed 
to constitute a negative feedback loop to avoid excessive auxin responses (44, 73). 
Interestingly, combination of low BL and low R:FR shade signals display additive 
effects on IAA19 expression (18). 
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In addition to auxin, cortical microtubules (CMTs) which are part of the cytoskeleton 
as well as cell wall-modifying enzymes are additional key elements involved in 
shade-regulated growth processes (45, 74, 75). The expression and/or activity of cell 
wall modifying XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH) 
and expansin families was shown to be modulated by shade in a PIF-dependent 
and/or auxin-dependent manner (45, 47, 74, 75). In addition, plants mutated in some 
members of the XTH family displayed defects in shade-induced organ elongation 
(75). CMTs are essential for the anisotropic aspect of shade-induced growth leading 
to organ extension. Reorganization of CMTs was observed in shaded hypocotyls 
and petioles and disruption of CMT organization through genetic and 
pharmacological approaches prevented proper responses in shade (74, 76). 
Interestingly, it was recently proposed that shade-induced CMT reorganization could 
modulate XTH expression in an auxin-dependent manner and thereby influence 
organ elongation response (74). In general, all these observations tend to support 
the widespread acid-induced growth theory suggesting that auxin triggers increased 
activity of membrane proton pumps which leads to acidification of the apoplast and 
further activation of cell wall modifying enzymes (77). The importance of the different 
plant tissues for auxin transport and auxin-induced growth is still not clear. The 
outermost epidermal tissues are currently thought to drive organ expansion (78). 
However, auxin signaling seems to be required not only in the epidermis but also in 
internal tissues for a proper shade elongation response to happen (79). 
Other phytohormones involved in neighbor detection 
Although auxin plays a major role in shade avoidance, other phytohormones 
influence the shade physiological outputs. First, brassinosteroids (BRs) are a class 
of plant hormones involved in many plant processes including growth. While BR 
levels do not seem to increase in low R:FR conditions, gene expression and mutant 
analyses have clearly underlined the importance of rapid BR-responses in shade-
induced hypocotyl and petiole growth (19, 45, 52, 58, 79). Identification of common 
candidates between auxin- and BR-responsive genes also suggest partial 
overlapping functions between the two hormones (45). Indeed, auxin seems to 
modulate hypocotyl growth in shade through both BR-dependent and independent 
signaling pathways (79). Secondly, gibberellins (GA) are a class of phytohormones 
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that was shown to act positively on hypocotyl and petiole shade elongation 
responses. These positive effects are partly due to their role in the degradation of 
the DELLAs which are repressors of PIF activity (52, 80, 81). GA levels are 
significantly induced in low R:FR but, compared to auxin, the increase seems to 
happen later (52, 82). Thirdly, an increase in the levels of the gaseous ethylene 
hormone, which plays a pivotal role in stress responses during submergence, has 
been previously detected in low light and low R:FR conditions (83, 84). Analysis of 
mutants impaired in ethylene sensitivity highlighted the role of this hormone in low 
R:FR-induced elongation of petioles (83). However, the importance of ethylene in 
shade avoidance seems to be restricted to later stages of plant development as the 
ethylene mutants retained wild type responses in hypocotyl of young seedlings (85). 
Finally, the biosynthesis of abscisic acid, a key hormone in the plant adaptation to 
water deprivation, is also stimulated by low R:FR in different species and may 
negatively influence growth processes such as axillary bud development or stem 
elongation (86, 87, 88, 89). Recently, low R:FR-induced expression of some 
members of the 9-cis-epoxycarotenoid dioxygenase (NCED) family was observed in 
hypocotyl and petioles, the NCED family being considered as the rate-limiting step 
of stress-induced ABA biosynthesis in vegetative tissues (45, 58, 90). Interestingly, 
a co-working mechanism between auxin and ABA has recently been proposed in 
postgerminative embryonic axis growth during which ABA potentiates auxin effects 
through repressed expression of the Aux/IAAs negative regulators (91). 
Leaf hyponasty: an essential trait during shade avoidance 
Types of movement and underlying mechanisms in plants 
Movements are ubiquitous in plants and have fascinated scientists at least since the 
4th century before Christ. At this time, Androsthenes reported the existence of 
rhythmic leaf movements matching day and night cycles (nyctinastic movements) 
(92). Plants evolved their ability to move organs probably as a strategy to offset 
disadvantages linked to their sessile nature, strategy allowing a repositioning of 
organs in more favorable conditions. Plants display a great diversity of movements 
that can be dissected in different subjective categories depending if one considers 
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the directionality of the movement, the nature of the stimulus or the underlying 
cellular mechanisms (93).  
Considering their directionality, plant movements are divided in three main 
categories: tropisms, nasties and nutations. Tropisms are movements allowing a 
reorientation of the organ towards the direction of the exogenous stimulus. Although 
tropic responses can be induced by a wide range of stimuli, they are mostly studied 
in response to light (phototropism), gravity (gravitropism) and, more recently, 
humidity (hydrotropism). Tropisms are considered as growth-mediated responses 
requiring asymmetrical growth between the two opposite sides of the organ leading 
to bending (94). Gravitropisms rely on amyloplasts (organelles involved in starch 
storage and gravity sensing) at the root tip as well as in hypocotyl and shoot 
endodermis to perceive gravity and trigger downstream signaling involved in organ 
bending (95, 96, 97). Although early signaling steps between photo- and 
gravitropisms differ, their signaling pathways converge at the level of auxin signaling 
where the formation of local auxin gradients, which is dependent on a functional 
auxin transport, has been frequently observed (94). Higher auxin levels are localized 
in the faster or slower extending side of shoot and root organs, respectively, and are 
probably mediating their growth response in a dose-dependent manner (98). Plants 
mutated in genes of the TIR1/AFB and AUX/IAAs auxin-signaling or PIN auxin-
transport families show defect in both photo- and gravitropic responses (95). 
However auxin transport and signaling do not seem to be essential for hydrotropic 
responses which rely rather on ABA signaling in specific inner tissues (99, 100). 
Although ABA is generally thought to have negative effects on plant growth 
processes, it is now clear that such effects are dose-dependent, similarly to other 
growth hormones like auxin and ethylene, and may even become positive at low 
concentrations (98, 100, 101, 102, 103, 104, 105). The slow growth-mediated tropic 
movements rely on turgor-driven anisotropic cell expansion and therefore find their 
limitation in the capacity of cells to extend their walls (93). Rearrangement of 
cytoskeletal components like microtubules as well as function of cell wall-modifying 
proteins like XTHs have been shown to be important in tropic responses but the link 
between hormone signaling and these processes is still missing (95). However, 
increasing evidence points toward a role for hormones in tissue-specific modulation 
of proton pumps and apoplastic pH which in turn would affect cell wall properties and 
growth, thereby supporting the widespread acid growth theory (106, 107, 108, 109). 
 26 
In contrast with tropisms, nasties are movements whose direction is not affected by 
the localization of the stimulus. They are mainly reported in leaf organs which 
possess two anatomically different sides (abaxial and adaxial) responsible for the 
predefined directionality of the movement. A nastic movement in the adaxial direction 
(upward) is termed hyponastic while if it happens in the abaxial direction (downward) 
it is named epinastic. Nastic movements are further divided into two different 
subcategories: the first one consists in the nastic movements occurring in absence 
of a direct environmental stimulus and being mostly regulated by the circadian clock 
such as the rhythmic Arabidopsis leaf movements as well as the nyctinastic sleep 
movements in legumes (110, 111); the second subcategory comprises the nastic 
movements being induced by a non-directional stimulus such as light (photonasty), 
temperature (thermonasty) and physical contact (thigmonasty) which are particularly 
important for escaping abiotic stresses such as shade, flooding or elevated 
temperature (112). The cellular mechanisms supporting nastic responses diverge 
between plant species. Some species possess a specialized motor organ at the base 
of the leaf petiole called the pulvinus, which supports the whole leaf movement (113, 
114). The pulvinus consists in separate extensor and flexor tissues located on the 
abaxial and adaxial sides of the pulvinus organ, respectively, that orchestrate leaf 
movement by alternative reversible swelling and shrinking of cells. The pulvinus 
functions in a similar way as stomata which also rely on small and reversible turgor 
changes within the elastic boundaries of cell wall deformation (115, 116). Leaves of 
other plant species such as Arabidopsis or Tobacco while lacking a pulvinus are still 
capable of movement. In this case, it is widely assumed that nastic movement is due 
to differential growth rates between ab- and adaxial sides of the petiole organs (117, 
118, 119, 120). Intriguingly, it was reported that not only the petiole but also the blade 
take part in some hyponastic responses, although no detailed analysis is available 
(119). The mechanisms underlying differential growth processes in nastic 
movements are probably related to the ones involved in tropic responses, but further 
research is required to understand to which extent these processes overlap or differ. 
Finally, nutations are short-period autonomous and helical movements often related 
to periods of growth and require gravity sensing as well as the presence of 
endodermal tissues (121, 122, 123). Relatively to tropisms and nasties, much less 
attention has been given to nutational movements which are generally seen as 
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residues of growth waves especially detectable in the absence of an environmental 
stimulus (124, 125). 
Leaf hyponasty in response to abiotic stresses 
In environments characterized by an alternation of day and night periods, the position 
of Arabidopsis leaves oscillate between high and low in a 24-hour interval: leaves 
start elevating (hyponasty) a few hours after dawn to reach maximal elevation angle 
at night and then initiate a downward movement (epinasty) to reach minimal 
elevation angles a few hours after dawn (110, 126). This circadian-regulated pattern 
in leaf elevation angle is called leaf diurnal hyponasty and is widespread among 
pulvinus-lacking plant species. In Arabidopsis, it has been suggested that this diurnal 
rhythmicity in leaf elevation angle results from a trade-off between maximizing light 
interception in the morning when temperature and humidity are optimal for 
photosynthesis and minimizing water loss in the afternoon to avoid overheating of 
the photosynthetic apparatus (112, 127). However, when leaves are exposed to 
certain environmental stresses, they initiate a significant increase in leaf elevation 
angle, called stress-induced leaf hyponasty, which overlaps with leaf diurnal 
hyponasty and probably allows the leaf to escape unfavorable conditions (Fig. 3). 
Many species are able to trigger such modifications in the circadian-regulated leaf 
angle in response to environmental stimuli. In crop species, this is an important trait 
during competition which favors photosynthetic efficiency and yield (128). Stress-
induced leaf hyponasty also seems to be dependent on the clock, as the amplitude 
of the response was shown to depend on the time at which the stress signal was 
applied (129). Interestingly, hormone signaling may also be gated by the circadian 
clock and this might have a direct involvement in gated stress-induced hyponastic 
responses (130, 131).  
The effects of three main abiotic factors have been explored in the context of stress-
induced hyponasties: submergence, elevated temperature and shade (low light in 
particular) (21, 132, 133). Arabidopsis thaliana is not found in submerged 
environments but in open and warm habitats where it has to compete for light with 
similarly-sized plants while adjusting leaf positioning to avoid overheating (112). 
Although hyponasty may have therefore primarily been useful to escape shade and 
elevated temperature, all three factors (submergence, shade and high temperature) 
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induce very close hyponastic responses with similar kinetics (112, 119). Moreover, 
in the case of submergence-induced hyponasty many studies have also focused on 
semi-aquatic species such as Rumex palustris where hyponasty allows leaf 
emergence from floods (112). 
Submergence-induced hyponasty 
Submergence is stressful for plant species living in flooded environments because 
gas exchanges are dramatically reduced in water, which therefore affects respiration 
of plant tissues and photosynthesis (112). In submerged plant tissues, ethylene gets 
trapped within tissues and this causes a rapid increase in the concentration of the 
hormone (134). In Rumex palustris, increased ethylene first triggers elevation of 
leaves until a certain angle before it induces subsequent petiole elongation 
reestablishing air contact (135). In Arabidopsis, a rapid (7 hours) hyponastic 
response is induced but without consecutive petiole elongation (119). Ethylene 
biosynthesis and signaling play a central role in submergence-induced hyponasty 
both in Rumex and Arabidopsis species (119, 136). However, inhibition of ethylene 
production leads to dramatic although not complete reduction of submergence-
induced hyponasty in R. palustris, highlighting the existence of other signaling 
pathways (137). Compared to ethylene, the role of auxin is far less clear during 
submergence-induced hyponasty. In R. palustris, although a rapid increase in auxin 
levels is observed in petioles, blocking PAT only triggers a slight delay without 
preventing the response (136). In Arabidopsis, auxin and PAT are apparently not 
required during ethylene-induced hyponasty (138). Indeed, pharmacological or 
genetic inhibition of PAT and auxin signaling did not affect the response but rather 
enhanced it (138). Concerning ABA, a rapid reduction in ABA concentration happens 
in submerged petioles in R. palustris through decreased expression of ABA 
biosynthetic NCED genes and increased degradation of ABA to phaseic acid (136, 
139). Pharmacological and genetic approaches also clearly established the inhibitory 
role of this hormone in the hyponastic response induced by ethylene and 
submergence conditions (136, 140). This negative function was proposed to be 
acting through parallel inhibition of GA accumulation but inhibiting GA biosynthesis 
only triggers a delay in the response (136). It is important to note that ABA is already 
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Figure 3.  Illustration of abiotic stress-induced leaf hyponasty and model of the involvement 
of hormonal pathways in the response 
(A from Sasidharan et al., 2014, PLOS ONE) 
 
(A) Illustration of a shade-induced hyponasty in a four-week-old Arabidopsis rosette. Left: rosette 
after 24 h in standard white light conditions. Right: rosette after 24 h in green shade conditions. A 
strong hyponastic response is visible in most leaves.  
(B) Schematic model of the three main abiotic stimuli as well as the involvement of hormones in 
the downstream signaling pathways leading to hyponastic response in leaves of the Arabidopsis 
thaliana plant model. Submergence is positively regulated by both ethylene and brassinosteroids 
while it is negatively regulated by abscisic acid. High temperature triggers hyponasty through auxin 
and polar auxin transport while abscisic acid also seems to be required in the response. Low 
R:FR, the early step in developing shade, requires auxin and polar auxin transport to induce 
hyponastic response while the involvement of abscisic acid in the response has not been 
considered so far. Low light conditions induce hyponastic response presumably through auxin, 
polar auxin transport and abscisic acid. Arrow-headed and bar-headed lines represent positive 
and negative impact, respectively, of an hormone on a pathway. Full lines indicate a relationship 
which is supported by converging studies while dotted lines indicate a probable relationship which 
still needs to be clarified. Red colored lines highlight the hormones and relationships which have 
been investigated in the present study. 
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known to have a negative impact on leaf positioning in absence of stressful 
conditions (129, 140). For instance, simultaneous treatment of shoots and roots with 
ABA inhibits the diurnal leaf hyponastic response in wild type plants (140). Finally, 
BRs also play a positive role in ethylene-induced hyponasty as pharmacological or 
genetic inhibition of BR biosynthesis affected the response (141). 
In addition to hormones, several genes, some of them coding for transcription 
factors, are involved in hyponastic responses mediated by ethylene (112, 118, 142). 
First, the extensive family of APETALA 2/ETHYLENE RESPONSIVE FACTOR 
(AP2/ERF) plant-specific transcription factors involved in abiotic responses was 
suggested to play a role in ethylene-induced hyponasty since lines overexpressing 
such factors displayed affected responses (112, 143). Then, ERECTA, known to be 
involved in plant organ embryogenesis, positively controls ethylene-induced 
hyponasty as well as general leaf positioning independently of ethylene signaling 
(117, 144). Finally, a new actor called SPEEDY HYPONASTIC GROWTH (SHYG), 
which encodes a transcription factor of the NAC family associated to plant stress 
responses, was shown to be induced by ethylene and essential for the consecutive 
hyponastic response (118, 145). Rauf et al. further demonstrated that SHYG plays 
a positive role in hyponasty through the upregulation of the ethylene biosynthetic 
gene ACC OXIDASE 5 (ACO5) which suggests the existence of positive feedback 
loops in the response. Moreover, SHYG enhances the expression of several genes 
of the XTH and expansin families involved in cell elongation. These findings are 
supported by previous studies which reported ethylene-mediated rapid apoplastic 
acidification and induction of expansin expression in both Arabidopsis and Rumex 
species (120, 136, 146).  In addition, induction of expansins was specifically 
observed at the abaxial and shoot-proximal part of petiole organs, which is generally 
considered as the site responsible for leaf movement where differential elongation 
happens (118, 120, 135). In Arabidopsis, reorganization of the CMT was also 
observed specifically in abaxial petiole side and disruption of CMT network by 
oryzalin affected the hyponastic response (120). 
Heat-induced hyponasty 
Elevating leaves in response to environmental heat is thought to allow plants 
minimizing the risks of overheating through decreased light incidence and increased 
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contact with refreshing wind (112). However, much fewer studies have focused on 
the mechanisms regulating hyponasty in response to heat compared to 
submergence. Still, phytochromes and cryptochromes appear to be involved in heat-
induced hyponasty, phyB behaving as a negative regulator of the response (147). 
Interestingly, a role for phytochromes as plant thermosensors was recently 
highlighted in addition to their photoreceptor function (148, 149). Another study 
revealed a crucial positive function for PIF4 in temperature-induced hyponastic and 
elongation responses both in leaves and hypocotyl organs (132). 
Three of the major growth-related hormones have been involved in heat-induced 
hyponasty so far: ethylene, auxin and ABA. First, ethylene was shown to be a 
negative player in the response and release of this hormone in the plant is reduced 
by heat signals (147). Second, contrary to submergence conditions heat-induced 
hyponasty requires auxin and PAT (147). PIF4-mediated induction of Aux/IAAs in 
petioles under elevated temperature also suggests that auxin sensitivity might be 
enhanced by heat and thereby impacting on elongation and hyponastic responses 
in leaves (132, 147). Finally, pharmacological and genetic studies attributed a 
positive role to ABA in heat-induced hyponasty even though mutants impaired at 
different steps of ABA biosynthesis display diverging responses (147). 
Shade-induced hyponasty 
Hyponasty is thought to be important for survival in shade-avoiding plants and 
especially for species forming a rosette like Arabidopsis which often have to compete 
with similarly-sized neighbors. In these species, hyponasty does not lead to optimal 
light interception as the blade organ moves to a more vertical position but this is 
probably outweighed by increased light harvesting in leaves reaching the canopy 
surface (112). A reduction in R:FR induces a significant hyponastic response and 
mutants with disrupted phyB display a constitutive hyponastic response (150, 151). 
A decrease of the PAR triggers a dose-dependent hyponastic response and this 
appears to be mediated by phytochrome- and cryptochrome-dependent perception 
of reduced R and BL signals (21, 152). In such conditions, the signaling routes 
downstream of phytochromes and cryptochromes seem to converge towards PIF4 
and PIF5 which play a central role in the response (21). However, care must be taken 
when considering BL-mediated leaf movements as BL signals affect not only low 
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light-induced hyponasty but also general leaf positioning (12, 153). BL-mediated leaf 
positioning is mainly regulated by phototropins while they are not required per se in 
low light-induced hyponasty. Interestingly, phot1-dependent perception of side BL 
illumination triggers a rotation (twisting) of the blade organ towards the BL source 
(12, 13). Finally, total darkness also triggers upward movement of leaves (96, 97, 
129).  
There are conflicting data concerning the role of ethylene in low light-induced leaf 
hyponasty (112). A first study reported an increase in ethylene production in low light 
and showed that ethylene-insensitive mutants were defective in hyponastic response 
in such conditions (84). In parallel, ethylene sensitivity was shown to be required for 
low light-induced hyponasty in tobacco (154). In two later studies however, 
researchers reported an absence of defects during low light-induced hyponastic 
response in ethylene-insensitive Arabidopsis mutants and no increase in ethylene 
production could be detected in these conditions (138, 152). Considering low R:FR 
environments, ethylene does not seem to play a role in the leaf hyponastic response 
under such conditions (83, 84).  
Concerning auxin, biosynthesis, transport and signaling are all essential to low R:FR-
induced hyponastic responses in Arabidopsis while their role is less clear in low light 
conditions (21, 48, 49, 84, 152). For instance, SAV3-dependent auxin biosynthesis 
is required for hyponasty in low R:FR conditions but sav3 mutants display a full 
hyponastic response in low light conditions (21, 49). Similarly, implication of PIN3-
dependent auxin transport in hyponasty seems to be more important in earlier stages 
of shade avoidance although some results lead to contradictory interpretations (21, 
48, 152). Interestingly, it was observed that disrupting PAT suppressed low BL-
induced petiole elongation while maintaining a full hyponastic response (21). Such 
results point towards a diverging point in the regulation of hyponasty versus petiole 
elongation. 
No data is available concerning the role of ABA in low R:FR-induced hyponasty 
(129). ABA seems to play a positive role in low light conditions but similarly to what 
has been observed under elevated temperature, mutants impaired at different steps 
of ABA biosynthesis displayed diverging hyponastic responses in low light conditions 
(155). Concerning gibberellins and BRs, no data has been published concerning 
their involvement in low R:FR-induced hyponasty (58, 83). However, in low blue light 
disruption of BR and GA signaling pathways does not affect hyponastic response 
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while it strongly reduces petiole elongation (21). Again, this underlies the existence 
of different mechanisms regulating these two responses in Arabidopsis leaves. 
In addition to the major role of hormones during shade-induced hyponastic response, 
ERECTA, previously mentioned for its role in ethylene-induced hyponasty, is also 
involved in the regulation of the leaf hyponastic response in low light conditions 
(142). This is not surprising considering the importance of this gene for leaf 
positioning in general (117). 
A role for leaf hydraulics in shade-induced hyponasty? 
Water transport and hydraulic properties in plants 
Vascular plants uptake water from the soil through their root system (Fig. 4). Water 
is then redistributed in the entire plant body up to the aerial plant parts, where most 
of it is finally released in the atmosphere through stomatal transpiration (156). Water 
can be transported in three different ways in plants including the transcellular path 
(via membrane water-channel proteins called aquaporins), the symplastic path (via 
plasmodesmata connections between cells) or the apoplastic path (via extracellular 
spaces and cell walls) (157, 158). 
In order to access the root center from soil, water is forced by the casparian strip to 
use the transcellular route. Water is then axially transported along the dead xylem 
cells of the vasculature which spreads from the roots up to the extremities of aerial 
plant parts (Fig. 4A). Due to their lack of membranes, xylem dead vessels have low 
resistance to water flow and constitute an efficient way for apoplastic water transport. 
Once arrived at the exit point, water radially crosses living xylem parenchyma tissues 
in the vasculature to get in contact with bundle sheath tissues (BSC) (Fig. 4B). BSC 
are composed of a single parenchymatous cell layer which tightly enwraps the whole 
vasculature of the leaf, at the exception of the vascular ends located at the blade 
margins (called the hydathodes). BSC are considered as the leaf “dynamic control 
barrier” because they act as a water filter between vessels and extravascular tissues 
whose properties can be modulated by abiotic factors such as light and temperature 
(50, 158, 159, 160). Interestingly, symplastic continuum is absent between vascular 
tissues and BSC, reinforcing the role for BSC as a border guard between vascular 
apoplastic and extravascular symplastic routes (160, 161). Moreover, in some plant 
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species BSC display structural similarities, such as the presence of suberized cell 
walls, with the casparian strip of the root endodermis (158, 162). After crossing BSC, 
water travels in the mesophyll photosynthetic leaf tissues (MC), which are partly 
constituted of air spaces facilitating gas exchange for transpiration and 
photosynthesis, to finally evaporates into the atmosphere through stomatal 
apertures. When stomata close and transpiration is reduced at night, MC get flooded 
and hydraulic pressure increases in the xylem (160). This potentially leads to water 
being released through the hydathodes and constitute guttation drops at extremities. 
Overall, this long-distance water transport is regulated by differences in water 
potential, with water moving from high soil water potential to low atmospheric water 
potential (157, 158). While only a small proportion of the whole water flow is used to 
sustain expansion growth, the biggest part evaporates in the atmosphere thereby 
leading to a tension force pulling up water though the plant (156, 163). In general, 
transpiration rate in plants displays a rhythmic pattern, increasing during the day and 
being reduced at night (164, 165). 
Water homeostasis in plants results from the interplay between interconnected 
hydraulic traits including water potential (driving force for water movement), 
transpiration rate and hydraulic conductance (how easily water can move through 
plant tissue) in roots (Lpr) and leaves (Kleaf) (158, 166). So far numerous techniques 
have been developed in order to monitor plant hydraulics but studying precise 
contributions of the internal tissues remains difficult (166, 167). For instance, 
although it is not known how exactly xylem and extra-xylem routes contribute to the 
whole Kleaf, there is a consensus idea that both are more or less contributing similar 
amounts (158). Vascular architecture as well as sap pH play important roles in the 
regulation of Kleaf relatively to the xylem route (158, 168, 169, 170). AHA1 and AHA2, 
two of the most abundant H+-ATPase isoforms in Arabidopsis leaves, are crucial 
regulators of xylem sap pH (170, 171). AHA2 is especially abundant in vascular 
tissues and BSC-specific complementation rescues the pH decrease observed in the 
mutant (170, 172). Nowadays there is increasing evidence for vascular tissues and 
BSC exerting a major control on Kleaf, thereby also impacting on hydraulic status of 
roots, MC and stomata (159, 173, 174, 175). For instance, a reduction in MC turgor 
was observed in conditions of increased transpiration, underlying the role for BSC in 
limiting hydraulic distribution (159, 161). Still, MC tissues generally display a low 
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hydraulic conductivity and this also influences general leaf hydraulic conductance 
(157, 176). 
Aquaporins (AQPs) are water channel proteins which play a crucial role in 
transcellular water transport across plant tissues (177). The aquaporin family 
consists of 35 genes in Arabidopsis and is divided into several subfamilies among 
which are the PIP subfamily (Plasma membrane Intrinsic Proteins) and the TIP 
subfamily (Tonoplast Intrinsic Proteins) (178). The PIP family further separates into 
the two PIP1 and PIP2 subfamilies, most of their members being expressed in 
vascular tissues and BSC, with PIP1;2, PIP2;1, PIP2;6 and PIP2;7 being the most 
abundant isoforms in leaves (167, 177, 179, 180). Aquaporins are essential through 
their role in the radial hydraulic conductivity in roots as well as for radial export from 
xylem parenchyma to BSC in the shoot (181). Indeed, previous studies reported 
defects in hydraulic conductance in roots and shoots in several pip mutants (176, 
182, 183, 184). Recently, targeted silencing in the whole Arabidopsis plant of the 
whole PIP1 subfamily led to many defects in water homeostasis such as decreased 
Kleaf , transpiration and water permeability in BSC and MC (175). 
Plants are generally separated in two categories when it comes to their strategy in 
water management: anisohydric and isohydric species (185). Anisohydric species 
adopt a risky behavior in water stress conditions by maintaining a high growth rate. 
Such strategy may be advantageous in moderate water stress but can potentially 
lead to water overdraft. Isohydric species, including Arabidopsis, adopt a “water-
conserving” strategy and rapidly trigger hydraulic adaptations to limit water loss in 
case of water stress. The latter strategy is characterized by the development of ways 
for translating hydraulic signals into chemical information, typically ABA signaling 
(186, 187). 
Light and hormonal regulation of leaf hydraulics 
Among the abiotic factors triggering a modulation of leaf hydraulic properties in 
plants are light intensity and light quality (184, 188). An increase in light intensity 
generally goes with an increase in Kleaf and often associates with PIP and reactive 
oxygen species (ROS) activity (184, 188, 189, 190, 191). Inversely, darkness triggers 
a significant reduction in Kleaf  except in Arabidopsis which, unlike the majority of  
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Figure 4. Models of vascular and extravascular pathways for water in Arabidopsis 
(A from Prado and Maurel, 2013, Frontiers in Plant Science; B adapted from Yaaran and Moshelion, 2016, International 
Journal of Molecular Sciences) 
 
(A) Illustration of the vascular pathway. After uptake by the roots, water is distributed to the aerial 
plant parts through the non-living xylem cells of the vascular pathway. In leaves, the vascular 
pathway comprises the midvein (going from the petiole base to the leaf tip) as well as several 
classes of sub-order veins (second-order, third-order and minor veins). All types of leaf veins form 
together a highly organized and hierarchical network allowing water distribution throughout the 
leaf. 
(B) Illustration of the extravascular pathway. From xylem cells, the water enters the extravascular 
pathway through the BSC, this step being mediated by aquaporins (AQP). From BSC, water is 
then transported through the MC to finally reach the stomata (GC) depending on  three different 
ways: 1) the transcellular way, 2) the symplastic way formed by plasmodesmata and 3) the 
apoplastic way. The amount of water delivered into the atmosphere through the GC constitutes 
the transpiration flow (E, dashed blue arrow). 
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species, displays an increased Kleaf in such conditions which is mediated by light-
dependent post-translational modifications of PIPs in Arabidopsis veins (176, 184). 
In addition, as mentioned earlier alternations of day and night periods profoundly 
affect aquaporin activity and plant hydraulic properties like water content, water 
permeability and hydraulic conductance (192, 193, 194, 195). Concerning impact of 
light quality, BL and RL trigger an increase and decrease in Kleaf , respectively, in 
cucumber and birch tree (196, 197). Moreover, phyB was shown to be involved in 
long-term hydraulic adaptive responses to light signals and revealed to be important 
for water use efficiency, transpiration and stomata development (198, 199). Besides 
these aspects, light is also known to influence plant hydraulic properties through pH 
modulation and this is particularly interesting knowing that pH regulates dissociation 
states and therefore distribution of phytohormones like ABA and auxin (200).  
ABA is a key hormone when it comes to the regulation of plant hydraulics in response 
to water limitation and light signals (201). Indeed, modulation of NCED genes, which 
regulate the committed step of ABA biosynthesis, is known to be important during 
plant adaptation to light-induced and water-induced stressful conditions (202, 203). 
Moreover, light-regulated changes in leaf water content and turgor in Arabidopsis 
were shown to be impaired in ABA signaling mutants (161). Effects of light on the 
regulation of ABA biosynthesis was previously proposed to be due to quick light-
induced changes in plant turgor which in turn triggers modulation of ABA levels (203). 
Indeed, rapid turgor-dependent induction of ABA biosynthesis has been observed in 
several studies (204, 205, 206). Xylem parenchyma currently stands as the major 
site for ABA biosynthesis although autonomous ABA biosynthesis has also been 
reported in stomata (207, 208). ABA is highly mobile in plants and can travel long 
distances using xylem or phloem routes from roots to shoots and inversely finally 
leading to appropriate organ responses (186, 209, 210, 211, 212). Interestingly, in 
maize and tomato it was proposed that increased conductance in roots might serve 
shoot rehydration in case of drought conditions without involving stomatal 
transpiration (202, 211). Distribution of ABA seems to be crucial for appropriate local 
hydraulic responses in roots, BSC and stomata and might trigger positive or negative 
effects on hydraulic conductance depending on the species and organ considered 
(176, 202). However, ABA effects on plant hydraulics are concentration-dependent 
and it was proposed that opposite responses after ABA treatment might rather be 
due to inappropriate concentration usage (213). In Arabidopsis, xylem-fed ABA 
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reduced both Kleaf and transpiration while smearing ABA on blade only reduced 
transpiration (159). In addition, xylem-fed ABA specifically impacted on water 
permeability of BSC and not MC (159). All this points towards a specific 
responsiveness to ABA in BSC.  
Many studies highlighted the importance of aquaporins in ABA-induced plant 
hydraulic changes. Strong evidence now exists for the involvement of ABA-
dependent transcriptional and post-translational aquaporin changes in the regulation 
of plant hydraulic processes such as hydraulic conductance, water permeability and 
stomata movement (159, 174, 214, 215, 216, 217). Much less research has been 
conducted on the other phytohormones but evidence is now emerging concerning 
their role in plant hydraulic processes. For instance, an elegant study recently 
pointed towards a crucial role for auxin in lateral root emergence (218). In this case, 
auxin caused an overall decrease in aquaporin expression which led to a significant 
reduction in local water transport thereby facilitating the emergence of lateral roots. 
Salicylic acid, ethylene, GAs and BRs were also shown to interfere with plant 
hydraulic regulation but more research needs to be conducted to reveal their exact 
role in the process (181, 219). 
Links between hydraulics and nastic movements in leaves 
How abiotic signals and especially light induce leaf nastic movements is still not fully 
elucidated. Involvement of hormones in shade-induced hyponasty is well established 
but how signaling downstream of hormones triggers an active leaf movement 
remains unknown. However, there is increasing evidence suggesting a role for 
hormones in the reorganization of plant hydraulic properties leading to organ 
movement (100, 161). For instance, ABA signaling has been recently shown to play 
a key role during root hydrotropism (100). Interestingly, hydrotropic response in pea 
roots was proposed to be due to differential water conductance between the opposite 
sides of the organ (220). 
In pulvinus-possessing plants like mimosa, bean and rain tree (Albizia saman), 
rhythmic changes in solute and ion (K+ especially) content induce osmotic water 
fluxes between cells located at the two opposite sides of the pulvinus are responsible 
for leaf movement (113). These fluxes are strongly associated with cyclic expression 
of aquaporins and ion channels throughout the 24-hours period, displaying a peak 
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in the morning (114, 221). Literature covering the relationship between hydraulics 
and movement in pulvinus-lacking species remains much more scarce. However, a 
few studies indicate potential links between these two processes in tulip, tobacco 
and tomato species. First, the thermonastic movements of tulip petals involve 
aquaporin phosphorylation and reorganization in water transport (222, 223). Then, 
diurnal leaf nastic movements in tobacco associate with rhythmic aquaporin 
expression in the petiole (224). Expression of PIP1 and cellular water permeability 
peaks in the morning in petioles at the same time when leaves go down, while these 
processes reach their minimum values at the end of the photoperiod when leaves go 
up. Moreover, Siefritz et al. (2004) reported that pip1 tobacco mutants show defects 
in such movements (224). Finally, tomato lines overexpressing NCED genes and 
consequently having high ABA levels displayed reduced transpiration and increased 
root hydraulic conductivity (202). Moreover, these lines displayed increased petiole 
elongation and leaf elevation angles compared to wild type plants. Concerning 
Arabidopsis, no direct evidence between leaf hydraulics and nastic movements has 
been reported. However, ABA-mediated stomata closure reduced transpiration 
water loss but also maintained leaves in an erect position instead of wilting (208). 
Also, defects in leaf turgor were associated with defects in leaf movements in ABA 
signaling mutants (161). This was proposed to be due to constitutive transpiration in 
the mutant leading to loss of turgor in leaf rachis in turn causing leaf wilting.  
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Aim of the study 
It is assumed that leaf nastic responses allow plants to enhance their access to 
sunlight in competitive environments and thereby increase their fitness. The whole 
cascade of signaling events from the perception of the shade signal to the 
achievement of the organ movement is still unclear. The aim of the present study is 
to improve our understanding of how such responses are regulated in plants. We 
started focusing on analysing with high spatial and temporal precision the 
macroscopic patterns of leaf growth and movements in the pulvinus-lacking model 
species Arabidopsis thaliana. Measurements of such patterns were achieved not 
only in standard light conditions but also in conditions mimicking competitive 
environments. In the latter case, additional far red radiation was supplemented to 
standard light conditions to decrease the R:FR ratio and thereby trigger increased 
hyponastic response. We then investigated in more detail the crucial role of the auxin 
phytohormone, well known for its involvement in plant growth, during diurnal and 
shade-induced leaf nastic responses. In addition, our study finally addressed the 
issue concerning the involvement of abscisic acid in shade-induced leaf nasty, this 
hormone being mostly studied for its roles in seed germination and responses to 




Introduction to results 
The results are presented in three main chapters. 
In the first chapter, I present the development of a new method for analysis of growth 
and elevation angle in individual leaves of the Arabidopsis plant model. This method 
is based on the previous work from Dornbusch et al. (2012) where the authors 
developed a phenotyping pipeline for estimating these traits at the overall plant level 
(110). This chapter further presents detailed patterns of growth and movement in 
individual leaves grown in different light conditions. Particularly, it focuses on how 
these traits coordinate between petiole and blade organs and how they are 
integrated in the general leaf development. The new method and the consecutive 
results have been published in the journal The Plant Cell in 2014 (225). 
In the second chapter, I monitor in detail the movements of individual Arabidopsis 
leaves in standard versus shade (low R:FR) conditions based on the technique 
developed in Dornbusch et al. (2014). I then investigate the role of auxin in these 
responses using a combination of pharmacological and molecular genetic 
approaches. This led to new aspects concerning the importance of auxin during plant 
adaptation to changes in light environment. These results were published in the 
Proceedings of the National Academy of Sciences of the United States of America 
(PNAS) in 2017. 
In the third chapter, I focus on the function of abscisic acid in leaves under 
competitive conditions based on physiological, biochemical and genetic approaches. 
This led to exciting results highlighting a potential novel role for abscisic acid in 







CHAPTER I  
 
 
New laser-scanning methodology for investigation of growth 


















3D point cloud of an Arabidopsis rosette with detected positions for the leaf tip (yellow), 
petiole-blade junction (green) and shoot apical meristem (red).  




During the first year of my thesis, I collaborated with Dr. Tino Dornbusch who was 
my former Master thesis supervisor in the Fankhauser group at the University of 
Lausanne. We worked towards finalizing and publishing the project that we 
developed during my Master thesis. This collaboration resulted in a publication in the 
journal The Plant Cell (225). In addition, the publication was highlighted through an 
In Brief article written by a Science Editor of the journal (226). 
The objectives of this project were (1) to describe in detail the patterns of growth and 
movement in blade and petiole organs as well as at the overall leaf level, and (2) to 
understand how these two traits are related and regulated during leaf development. 
To this purpose, we implemented the pipeline of a pre-existing phenotyping 
methodology allowing non-invasive and high-throughput estimation of rosette growth 
and rosette elevation in Arabidopsis (110). Once our new method was implemented, 
we could then investigate how growth and movement coordinate at the leaf level and 
we finally reported novel aspects on the involvement of light, PIFs and circadian 
clock in these processes. 
My involvement in this project was in a first time to contribute to the development of 
the new analytical tools, to conduct consecutive validation tests as well as to 
implement these tools in the pre-existing pipeline. In a second time, I designed and 
performed research experiments in an autonomous manner, dealing with all the 
successive steps of our phenotyping pipeline. Finally, I analyzed and interpreted data 
















































The importance of auxin signaling for local leaf hyponasty in 




















Numbered leaves from youngest to oldest in a 4-week-old Arabidopsis rosette.  




From the second to the fourth year of my thesis, I conducted a project relative to the 
importance of auxin during shade-induced nastic responses in Arabidopsis leaves, 
under the supervision of my thesis directors and in collaboration with a colleague. 
This project was published in the journal Proceedings of the National Academy of 
Sciences of the United States of America (PNAS) in 2017 (227). This work was then 
recommended by the Faculty of 1000 and highlighted in the Annual Reviews of Plant 
Biology which yearly summarizes important advances in the field (228).  
The objective of this project was to explore the mechanisms underlying growth and 
particularly movement in Arabidopsis leaves when grown in standard (high R:FR) 
and neighbor detecting (low R:FR) conditions. For this, we used our newly developed 
phenotyping methodology (225) along with pharmacological and molecular genetic 
approaches. Our work led to discoveries concerning the essentiality of auxin in the 
nastic response, the local nature of shade-induced traits as well as the relationship 
between elongation growth and movement in petiole organs. 
I stood as the leading investigator for this project. My involvement consisted first in 
designing and performing experiments by combining phenotyping, pharmacological 
and genetic approaches. For the phenotyping experiments based on a 
photogrammetric approach (Fig. 5B-C, S3B, S4F, S5C and S9), I relied on the help 
of my colleague Dr. Anne-Sophie Fiorucci who performed those experiments. In a 
second time, I analyzed and interpreted data with the participation of the authors of 




































Additional experiments were conducted in relation with the work published in 
Michaud et al. (2017).  These experiments are about the involvement of polar auxin 
transport in the low R/FR-induced leaf hyponasty. We aimed at investigating further 
the mechanisms underlying the transport of auxin from its site of production towards 
the site where it can trigger downstream signaling responsible for leaf movement.  
First, we monitored leaf movement in high versus low R/FR conditions in the 
quadruple aux1lax1lax2lax3 mutant (Fig. 1). This mutant is defective for the four 
genes composing the AUX/LAX family of auxin influx carriers which mediate the 
transport of auxin from the outside to the inside of the cells (61). Quadruple 
aux1lax1lax2lax3 mutants although displaying a wild type movement in standard 
high R/FR conditions were strongly impaired in their response to low R/FR treatment 
(Fig. 1). These results show that AUX/LAX auxin influx carriers are required for 
shade-induced hyponasty and point towards the importance of auxin cellular uptake 
from the site of increased auxin production to the site of auxin action during shade 
response. 
Then, we compared the kinetics of hyponastic responses in leaves treated at the tip 
either with the natural auxin IAA or with synthetic auxin analogs including 2,4-
Dichlorophenoxyacetic acid (2,4-D) and 1-Naphthaleneacetic acid (1-NAA) (Fig. 2). 
Although generally mimicking the effects of IAA on plant physiology, 2,4-D and 1-
NAA have different effectiveness concerning their ability to be transported into or out 
of the cells. While 1-NAA has a strongly reduced capacity for cellular influx relatively 
to IAA, 2,4-D seems to be rather affected in its ability for cellular efflux (229). When 
applied at the tip, IAA triggered a similar hyponastic response to what is observed in 
shade conditions, this response being restricted to the treated leaf (Fig. 2B). On the 
contrary, 2,4-D and 1-NAA failed to trigger such hyponastic response in the treated 
leaf (Fig. 2C-D). However, 1-NAA application still led to a slow and gradual upward 
movement in the treated leaf especially observable the following day. Effects of 2,4-
D on leaf movement were opposite to effects of IAA as 2,4-D rather induced an 
downward movement in the treated leaf. 
In addition, we studied the response induced by auxin and synthetic auxin analogs 
when applied at the leaf tip of DR5:GUS auxin reporter plants (Fig. 3). In line with 
the previous results on leaf movement, the two synthetic auxin analogs were unable
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Figure 1. Low R/FR-induced hyponasty is strongly affected in quadruple aux1lax1lax2lax3 
mutants.  
 
Boxplots representing the amplitude of leaf movement in Col-0 (black) versus quadruple 
aux1lax1lax2lax3 mutant (orange) plants between maximum and minimum leaf elevation angles 
over day 15 (high R/FR, time period from t = 3 to t = 16) and day 16 (low R/FR, time period from t 
= 27 to t = 40). Each boxplot represents 26-27 individual leaves. Plants were grown for 14 d in 
standard long-day [LD, 16-h light, 8-h dark (16/8)] conditions. Imaging started on day 15 at ZT0 (t 
= 0) and plants were maintained in LD conditions. Shade treatment started on day 16 at ZT6.5 (t 
= 30.5) by adding FR light to decrease the R/FR ratio. Two-way ANOVA followed by Tukey’s 
Honestly Significant Difference (HSD) test were performed and different letters were assigned to 




Figure 2. Synthetic auxin analogs are unable to mimic the effects of natural IAA on leaf 
hyponasty. 
 
Leaf elevation angle of Col-0 leaf 1 (dashed lines) and leaf 2 (full lines) with mock solution (A, 
black), 10µM IAA (B, green), 10µM 2,4-D (C, red) or 10µM 1-NAA (D, blue) applied to the tip of 
leaf 1 (adaxial side). Plants were grown for 14 d in standard long-day [LD, 16-h light, 8-h dark 
(16/8)] conditions. Imaging started on day 15 at ZT0 (t = 0) and plants were maintained in LD 
conditions. At ZT3 (t = 3) on day 15 a 1-µL drop of solution was applied to the tip of leaf 1 (adaxial 




Figure 3. Synthetic auxin analogs are unable to trigger a distal auxin response in the 
vasculature of the petiole.  
 
The auxin response was visualized in leaves of DR5:GUS reporter plants after exogenous 
application of mock solution (A), 10µM IAA (B), 10µM 2,4-D (C) or 10µM 1-NAA (D) on the tip of 
leaf 1 (adaxial side) in high R/FR. Plants were grown for 14 d in standard long-day [LD, 16-h light, 
8-h dark (16/8)] conditions. At ZT3 (t = 3) on day 15 a 1-µL drop of solution was applied to the tip 
of leaf 1 (adaxial side). Plants were harvested on day 15 at ZT10. Sites of application are 
represented by dashed circles. Insets in all panels show close-ups of leaf 1 petiole. 
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to trigger an auxin response in the distal petiole organ. Indeed, although a strong 
auxin response was observed near the site of application in the blade organ after 
IAA, 2,4-D and 1-NAA applications, only IAA was able to induce a response in the 
vasculature of the petiole.  
Overall, the combination of these genetic and pharmacological approaches have 
proved to be very informative concerning the molecular mechanisms of auxin action 
in leaf hyponastic responses. Our data support the hypothesis that in shade auxin 
needs to be efficiently transported from the site of production at the margins towards 
the petiole organ where it can trigger downstream events involved in leaf movement. 
Also, these results are in line with our previously published observations of 
pin3pin4pin7 mutants and of plants treated with 1-N-naphthylphthalamic acid (NPA), 






A key role for abscisic acid downstream of auxin signaling in 




















Sequence shot illustrating a local leaf hyponastic response in Arabidopsis.  




During the fifth year of my thesis, I conducted a project relative to the importance of 
ABA during shade-induced nastic responses in Arabidopsis leaves, under the 
supervision of my thesis directors. 
The objective of this project was to investigate the putative role of ABA during leaf 
hyponasty in response to neighbor detection. To tackle this question, we used our 
newly developed phenotyping methodology (225) along with phytohormone 
quantification and molecular genetic approaches. Our work led to discoveries 
concerning (1) the process of ABA biosynthesis in leaf organs growing in low R:FR 
conditions as well as (2) the essentiality of ABA biosynthesis and ABA signaling in 
low R:FR-induced leaf hyponasty. 
I stood as the leading investigator for this project. My involvement consisted in 
designing and performing experiments by combining phenotyping, hormone 
quantification and genetic approaches. Concerning the quantification of ABA (Fig. 4 
and Fig. 7), I relied on the expertise of Dr. Gaétan Glauser who performed this task. 
Throughout my project, I analyzed and interpreted data with the participation of my 




Neighbor-detecting conditions (low R:FR) trigger a suite of adaptive responses in 
plants including increased shoot elongation and upward leaf movement (hyponasty) 
thereby allowing plants to consolidate their access to sunlight (41). Among the 
several phytohormones involved in SAS (38), only auxin has been shown to be 
implicated in low R:FR-induced hyponasty so far (48, 49, 227, 230). Besides the 
major role of auxin, plant hydraulics also represent a crucial aspect in light-
modulated leaf movements (113, 114, 161, 224). Plant hydraulics are largely 
mediated by another phytohormone named abscisic acid (ABA) (159, 202). Although 
there is increasing evidence for ABA being involved in plant adaptation to stressful 
light conditions (203, 209) as well as in organ movement (100, 161), no clear 
implication of ABA in shade-induced hyponasty has been highlighted so far. 
At the cellular level, first steps in ABA production take place in plastids where 
successive reactions lead to the transformation of isopentenyl diphosphate into 
carotenoids (Fig. 1) (231). Among carotenoids derived from isopentenyl 
diphosphate, only b-carotene is subsequently metabolized into zeaxanthin through 
b-CAROTENOID HYDROXYLASES 1 and 2 (BCH1 and BCH2). Zeaxanthin is then 
converted to violaxanthin by ZEAXANTHIN EPOXIDASE (ZEP) also named ABA-
DEFICIENT 1 (ABA1) (232). Members of the NCED family in turn catalyze the rate-
limiting step in ABA biosynthesis which is the transformation of zeaxanthin to 
xanthoxin (90). A close relationship is observed between NCED expression and ABA 
levels (207, 233, 234). So far, five genes (NCED2,3,5,6,9) were shown to code for 
NCED in Arabidopsis (234). Next, two successive cytosolic steps allow the 
conversion of xanthoxin to ABA. The first step is mediated by SHORT-CHAIN 
DEHYDROGENASE REDUCTASE (SDR) called ABA2 while the second step is 
catalyzed by a complex formed by one of the three ABSCISIC ALDEHYDE 
OXIDASES (AAO1,3,4) with the molybdenum cofactor (MoCo) whose production 
depends on ABA-DEFICIENT 3 (ABA3). The amount of ABA in a cell not only 
depends on biosynthesis but also on conjugation and oxidation processes. On the 
one hand, ABA can be transformed into phaseic acid and this reaction is catalyzed 
by the members of the CYTOCHROME P450 707 A (CYP707A) family (235). On the 
other hand, ABA can be inactivated by conjugation to other molecules such as  
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Figure 1. Current view of ABA metabolic pathways. 
(from Finkelstein, 2013, Arabidopsis Book) 
 
Scheme representing the biochemical reactions involved in ABA metabolism. Early steps in ABA 
biosynthesis happen in the cell plastid during which isopentenyl diphosphate is transformed into 
b-carotene. b-carotene is then converted to zeaxanthin, violaxanthin and xanthoxin through BCHs, 
ABA1 and NCEDs, respectively. In the cytosol, xanthoxin is further metabolized into ABA through 
two successive steps involving ABA2 and an AAO-MoCo complex. ABA amounts in the cytoplasm 
depend on their biosynthesis but also on their degradation by the CYP707As as well as on their 




glucosyl ester (ABA-GE) but, contrary to phaseic acid transformation, this 
inactivation is not definitive and can be reversed by the b-GLUCOSIDASES 1 and 2 
(BG1,2) (165).  
At the plant level, ABA is generally produced in the vascular system (231). Regarding 
the shoots especially, although stomata are also capable of autonomous ABA 
production (207, 208, 236) it is assumed that the hormone is mainly synthesized in 
leaf vasculature (207, 212, 236, 237, 238). In many species, ABA levels are under 
the control of the circadian clock (239). In Arabidopsis leaves, ABA levels peak at 
the end of the day and reach minimal values at dawn (165). This daily hormonal 
fluctuation is apparently regulated at the biosynthetic level (165, 240). In case of 
water stress, ABA production is enhanced in leaves with NCED3 playing a prominent 
role among NCEDs in the process (241). However, based on the stronger phenotype 
of nced3nced5 double mutants compared to nced3 single mutants, NCED5 also 
contributes to ABA responses in leaves (241). In addition to water stress, low R:FR 
signals can also modulate ABA production in Arabidopsis (86, 242). Moreover, 
induction of NCED expression was recently observed in Arabidopsis plants grown 
under low R:FR (45, 58) and also when plants were treated with exogenous auxin 
(55, 243). From the site where it is produced in the plant, ABA can be transported to 
targeted tissues in both rootward or shootward directions through the xylem and 
phloem tissues (212, 236, 237, 238). The way ABA transport is achieved is not fully 
understood (231). However recent research led to the discovery of several ABA 
transporters thereby indicating a certain complexity in the process (244, 245, 246). 
In order to activate downstream ABA responses, functional ABA perception is 
required in targeted tissues (Fig. 2) (231). Perception of ABA in plant cells mainly 
relies on the receptors of the PYRABACTIN RESISTANCE 1 (PYR1)/PYR1-LIKE 
(PYL)/REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR) family which 
constitute the core ABA signaling pathway in Arabidopsis (247). The 
PYR1/PYL/RCAR family is composed of thirteen members (PYR1 and PYL1-12) 
which are present in the cytoplasm and the nucleus. In leaves, expression of 
PYR1/PYL/RCARs is mostly associated to leaf veins and stomata, and plants with 
combined mutations in these genes are significantly affected in leaf growth and 
transpiration (248). Direct interaction between ABA and PYR1/PYL/RCARs leads to 
the formation of a ternary complex with one member of the PROTEIN  
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Figure 2. Core network for ABA perception and signaling. 
(from Finkelstein, 2013, Arabidopsis Book) 
 
Scheme representing the interactions between the components of the main ABA signaling 
pathway at different ABA concentrations. PYR1/PYL/RCARs ABA receptors have no or low affinity 
for the negative regulators PP2Cs in absence of ABA. In this situation, PP2Cs can therefore 
interact with SnRK2s and inhibit their activity. In the presence of the hormone, a ternary complex 
is formed between ABA, PYR1/PYL/RCARs and PP2Cs thereby leading to the derepression of 
SnRK2s which can then activate transcriptional regulators involved in ABA responses. In addition, 
SnRK2s also play a role in the ABA-mediated regulation of ion channels such as the K+ 
ARABIDOPSIS THALIANA 1 (KAT1) and the SLOWLY ACTIVATING ANION CHANNEL 1 





PHOSPHATASES 2C (PP2C) family.  PP2Cs generally act negatively on ABA 
signaling by directly inhibiting the activity of SNF1-RELATED PROTEIN KINASES 2 
(SnRK2s) which are positive regulators of the response. Stabilization of the ABA-
PYR1/PYL/RCAR-PP2C complex releases the activity of SnRK2s that can further 
interact with numerous targets involved in ABA responses like transcriptional 
regulators or ion channels. This is important to note that besides the importance of 
phosphatase inhibition and kinase activation in ABA signaling (Fig. 2), a study 
reported similar amounts of phosphorylation and dephosphorylation events during 
rapid ABA-induced responses thereby indicating the existence of other signaling 
pathways (215). Interestingly, among the proteins being rapidly dephosphorylated in 
response to ABA are some aquaporins of the PIP family such as PIP2;1. 
Mutants impaired in ABA biosynthesis and signaling show defects in general leaf 
positioning and root hydrotropic bending thereby pointing towards a potential 
involvement for ABA in shade-induced organ movement responses (100, 129, 140, 
161). However, no role has been established for ABA biosynthesis and signaling in 
leaf movement in response to neighbor detection so far. In the present study, we 
investigated the role of ABA in the response to neighbor proximity in Arabidopsis. To 
this purpose, we focused on the analysis of leaf hyponasty which consists in an 
enhancement in leaf elevation angle triggered by a lowering in the R:FR ratio (227, 
230). Our experiments demonstrate that proximity signals lead to a rapid increase in 
ABA levels in leaves, increase which is mediated by the PIF-YUC regulon as well as 
two members of the NCED family. In addition, plants with defective ABA biosynthesis 
or signaling display a significant impairment in both shade- and auxin-induced 
hyponasties while maintaining wild type movements in standard light conditions. 
Overall, our results highlight a new role for ABA, potentially acting downstream of 
auxin signaling, in shade-induced leaf movement responses. 
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Materials and methods 
Plant material and growth conditions 
We used the following Arabidopsis thaliana genotypes (cv Columbia-0): nced3nced5 
(241), aba2 (249), pyr1pyl1pyl2pyl4 (250), pyr1pyl1pyl2pyl4pyl5pyl8 (248), 
pyr1pyl1pyl2pyl4pyl8pyl9, pyr1pyl1pyl2pyl4pyl5pyl8pyl9 (gift from Pedro 
Rodriguez), pif4pif5pif7 (51), yuc2yuc5yuc8yuc9 (251). Seeds were stratified at 4°C 
for 3 d in darkness and then sown on soil saturated with deionized water in a Percival 
CU-36L4 incubator (Percival Scientific) at 21 °C, 85% relative humidity, and PAR 
=175 μmol·m−2·s−1 under LD (16:8) conditions. After 13 d, plants were transferred to 
the ScanAlyzer HTS (LemnaTec) for acclimation (with day–night cycles and light 
conditions as in the incubator) 24 h before scanning. For shade treatments, the R/FR 
was decreased from 4.2 to 0.2 using FR-emitting diodes positioned on the ceiling of 
the ScanAlyzer HTS. Further experimental details, spectral composition of light, 
computation of the R/FR ratio, and technical specifications of the phenotyping device 
are described in detail in ref. (110). For gene expression experiment in Fig. 1, Col-0 
plants were grown as described in ref. (51). In brief, seeds were directly sown on soil 
and stratified at 4°C for 3 d in darkness. Plants were then grown for 14 d at 20 °C, 
70% relative humidity, and PAR =220 μmol·m−2·s−1 under LD (16:8) conditions. 
Afterwards, plants were divided over two Percival I-66L incubators (Percival 
Scientific) at PAR =130 μmol·m−2·s−1 24 h before the start of the experiment. 
Experiment was performed the following day (day 16). At ZT3 on day 16, R/FR was 
decreased in one of the incubators from 1.4 to 0.2 using FR-emitting diodes 
positioned on the ceiling. 
Hormone quantification 
ABA measurements were performed as previously described in ref. (252). In brief, 
fresh frozen samples were ground to a fine powder using mortars and pestles under 
liquid nitrogen and about 40 mg of powder was weighed in 2.0 mL Eppendorf tubes. 
To the tubes were added 5-6 glass beads (2mm diameter), 990 μL of extraction 
solvent (ethylacetate/formic acid, 99.5 : 0.5, v/v) and 10 μL of internal standard 
solution containing D6-ABA at 100 ng/ml. The tubes were shaken for 4 min at 30 Hz 
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in a tissue lyser, centrifuged for 3 min, the supernatant was recovered and the pellet 
re-extracted with 500 μL of extraction solvent. Both solutions were then combined, 
evaporated and reconstituted in 100 μL of methanol 70%. The final extracts were 
analyzed by UHPLC-MS/MS using an Ultimate 3000 RSLC (Thermo Scientific 
Dionex) coupled to a 4000 QTRAP (AB Sciex). To quantify ABA in plant samples, a 
calibration curve based on calibration points at 0.2, 2, 10, 50 and 200 ng/mL, all 
containing D6-ABA at a fixed concentration of 10 ng/mL, and weighted by 1/x was 
used (x refers to the concentration of the corresponding calibration point). 
RNA extraction and real-time reverse transcription (RT)-PCR 
For gene expression experiments, RNA extraction, cDNA reverse transcription and 
RT-qPCR were performed as described in ref. (51). In brief, petioles and lamina of 
leaves 3 (Fig. 3, samples from de Wit et al. , 2015) (51) were separately pooled into 
three biological replicates and frozen in liquid nitrogen. After consecutive RNA 
extraction and reverse transcription, RT-qPCR was performed in three technical 
replicates for each sample using ABI prism 7900HT sequence detection system 
(Applied Biosystems) and FastStart Universal SYBR green Master mix (Roche). 
Data were normalized against two reference genes (YLS8, UBC) using the 
Biogazelle qbase software. Sequences of qPCR primer pairs used in this study are 
the following ones:  
NCED3: TCCCTAAGCAATCATCAAACTC / ATTCTTTGGCTTTGGGCTTAAC. 
NCED5: GCTCTCATGGCTTGTTCTTAC / GTGAAACTAACGGAGGATGAC. 
Analysis of leaf elevation angles 
For time-lapse experiments, plants were scanned at 60-min intervals with the 
ScanAnalyzer HTS (LemnaTec). As output, we obtained time-lapse images in which 
the distances of points measured on the plant surface from a reference plane were 
color-coded. These images were then transformed into 3D point clouds that yield a 
precise representation of plant surfaces over time, as previously described in ref. 
(53). Leaf elevation angles (also named “tip elevation angles”) were de- lineated by 
the vector taking as origin the position of the basal end of the petiole organ and as 
extremity the position of the tip of the blade organ. A detailed description of the 
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geometric definition of leaf elevation angle (φtip) as well as details of image and data 




Low R/FR triggers an increase in ABA production through regulation of 
NCED expression 
As the NCED gene family stands as the rate-limiting step of ABA biosynthesis and 
was previously shown to be involved in light-mediated physiological responses in 
Arabidopsis (86, 203), we started by investigating how it was regulated by low R/FR 
in young Arabidopsis leaves. We focused our analysis on NCED3 and NCED5 
because they are the two most abundant NCED isoforms in leaves and their 
expression was recently shown to be upregulated in shaded seedlings (45, 234). 
Interestingly, we observed a strong induction of these two genes by low R/FR signals 
in Arabidopsis leaves (Fig. 3). While NCED3 was induced in both petiole and blade 
organs in similar relative amounts, NCED5 induction was restricted to the petiole 
organ. Interestingly, specific NCED5 expression in petiole was also observed 
previously using NCED5:GUS reporter lines (241). Shade-induced expression 
peaked two hours after the start of treatment for both NCED3 and NCED5 
independently of the organ considered. 
Increased ABA levels due to a lowering in R/FR was previously highlighted in leaves 
of tomato and sunflower as well as in axillary buds of Arabidopsis (87, 88, 89). To 
test if neighbor-detecting conditions also lead to such an increase in ABA production 
in Arabidopsis leaves, we quantified the concentration of ABA in leaves 1 and 2 of 
two-week-old Arabidopsis rosettes grown in high versus low R/FR conditions (Fig. 
4A). As for NCED gene expression, we observed a significant increase in ABA levels 
already two hours after the start of the treatment (ZT5). Although the strongest 
relative induction happened at ZT5 (155-184% compared to high R/FR), ABA levels 
were still significantly higher in low R/FR conditions at the end of the photoperiod 
(130% compared to high R/FR) (Fig. 4B). It is important to note that ABA levels were 
diurnally regulated in our conditions with maxima at the end of day which was in 
accordance with previous observations (165). 
We further aimed at investigating the role of NCED3 and NCED5 in the low R/FR-
induced ABA production by analyzing ABA concentration in nced3nced5 double 
mutants. However, as nced3nced5 double mutants are impaired in growth and 
display smaller rosettes relatively to wild type plants, we decided to harvest whole 
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Figure 3.  Low R/FR induces expression of NCED3 and NCED5 in leaves.  
 
Relative fold gene expression of NCED3 (A) and NCED5 (B) from leaf 3 of Col-0 plants in high 
R/FR (blue) versus low R/FR (red) conditions over time. Gene expression values were calculated 
as fold induction relative to a petiole sample at time=1h (ZT4) in high R/FR conditions. Plants were 
grown for 15 d in standard long-day [LD, 16-h light, 8-h dark (16/8)] conditions. ZT0 corresponds 
to the beginning of the light period on day 16. Shade treatment started on day 16 at ZT3 by adding 







Figure 4. Shade-induced ABA biosynthesis in leaves is mediated by NCED3 and NCED5. 
 
(A-B) ABA concentration in entire Col-0 leaves 1 and 2 in high R/FR (blue) versus low R/FR (red) 
conditions either at 0 hour (ZT3) and 2 hours (ZT5) (A) or at 2 hours (ZT5) and 8 hours (ZT11) (B) 
after the start of the treatment. (C) ABA concentration in entire leaves versus entire rosettes of 
Col-0 plants in high R/FR (blue) versus low R/FR (red) conditions at 2 hours (ZT5) after the start 
of the treatment. Data for leaves are same as in (A, right). (D) ABA concentration in entire rosettes 
of Col-0 versus nced3nced5 double mutant plants in high R/FR (blue) versus low R/FR (red) 
conditions at 2 hours (ZT5) after the start of the treatment. 
(A-D) Plants were grown for 14 d in standard long-day [LD, 16-h light, 8-h dark (16/8)] conditions. 
ZT0 corresponds to the beginning of the light period on day 15. Shade treatment started on day 
15 at ZT3 by adding FR light to decrease the R/FR ratio. Each bar plot represents data from 4 (A, 
C, D) or 3 (B) biological replicates. Per replicate, 40 leaves (A, C left), 10 rosettes (C right), 30 
leaves (B), 15 rosettes (D left) or 20 rosettes (D right) were harvested and frozen in liquid nitrogen. 
Error bars represent the twofold SE of mean estimates. Two-way ANOVAs followed by Tukey’s 
HSD test were performed, and different letters were assigned to significantly different groups. 
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rosettes to avoid technical difficulties in case of insufficient biological material (241). 
Indeed, we showed that harvesting individual leaves 1 and 2 or entire rosettes led to 
similar results (Fig. 4C). No increase in ABA concentration was observed in the 
nced3nced5 double mutants in low R/FR conditions thereby indicating that these two 
genes mediate the increase in ABA production in shaded leaves (Fig. 4D). In 
addition, the very low ABA levels in nced3nced5 double mutants in standard 
conditions confirmed the generally reduced capacity for ABA biosynthesis in those 
mutants (Fig. 4D) (241). 
Low R/FR-induced hyponasty requires functional ABA biosynthesis and 
signaling 
The role of ABA in shade-induced hyponasty has remained elusive so far. This lack 
of knowledge is reinforced by the fact that mutant analysis led to diverging results 
concerning the role of ABA biosynthesis in low light-induced hyponasty (155). To test 
the importance of this hormone in shade-induced leaf movement, we monitored leaf 
elevation angle (tip angle) in mutants defective in ABA biosynthesis. For this, we 
focused on nced3nced5 double and aba2 single mutants as they were reported to 
have similar reductions in ABA and rosette sizes in standard growing conditions 
(241). Strikingly, both mutants were strongly affected in their capacity for upward leaf 
movement in response to low R/FR signals (Fig. 5). The fact that the amplitude of 
diurnal movements in standard conditions remained unaffected in these mutants 
points towards a specific role for ABA during the shade response. Moreover, our 
analysis confirmed the role for ABA in general leaf positioning as the mutants 
displayed more erect leaves (10-15° higher angle at ZT3 relative to wild type plants) 
in standard light conditions (Fig. 5A-B) (129, 140). 
Next, we aimed at investigating if not only ABA biosynthesis but also ABA signaling 
was required for maintaining a functional shade-induced hyponastic response. We 
therefore analyzed leaf elevation angle in plants with combined mutations in genes 
of the PYR/PYL/RCAR family (Fig. 6). Indeed, the PYR/PYL/RCAR family is widely 
considered as the major class of ABA receptors in ABA-mediated plant responses 
(247). First, we analyzed leaf hyponasty in standard versus shade conditions using 
the quadruple pyr1pyl1pyl2pyl4 mutant which is strongly impaired in ABA sensitivity 
in seedlings (Fig. 6A,E) (250). This mutant did not show any defect in leaf 
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Figure 5.  Low R/FR-induced hyponasty is strongly impaired in ABA biosynthetic mutants. 
 
(A-B) Leaf elevation angle of leaves 1 and 2 in Col-0 (black), nced3nced5 mutant (blue) and aba2 
mutant (orange) plants in high R/FR (solid) versus low R/FR (dashed) conditions. Data are mean 
of n=44-60. Plants were grown for 14 days in standard long-day (LD, 16/8) conditions. Imaging 
started on day 15 at ZT0 (t=0), plants were maintained in LD. Shade treatment started at t=3 by 
adding FR light to decrease the R/FR ratio. Opaque bands around mean lines represent the 95% 
confidence interval of mean estimates. Vertical gray bars represent night periods. Data for Col-0 
in (A) and (B) are same. 
(C) Boxplots representing the amplitude of leaf movement between maximum and minimum leaf 
elevation angles over the time period from t = 3 to t = 16 and computed for each individual leaf 
analyzed in (A-B). Solid and dashed plots represent data from high R/FR and low R/FR conditions, 
respectively. Two-way ANOVA followed by Tukey’s HSD test were performed and different letters 







Figure 6. Low R/FR-induced hyponasty requires a functional ABA signaling. 
 
(A-D) Leaf elevation angle of leaves 1 and 2 in Col-0 (black), quadruple pyr1pyl124 mutant (red), 
sextuple pyr1pyl12489 mutant (blue), sextuple pyr1pyl12458 mutant (green) and septuple 
pyr1pyl124589 mutant (brown) plants in high R/FR (solid) versus low R/FR (dashed) conditions. 
Data are mean of n=34-40. Plants were grown for 14 days in standard long-day (LD, 16/8) 
conditions. Imaging started on day 15 at ZT0 (t=0), plants were maintained in LD. Shade treatment 
started at t=3 by adding FR light to decrease the R/FR ratio. Opaque bands around mean lines 
represent the 95% confidence interval of mean estimates. Vertical gray bars represent night 
periods. Data for Col-0 in (A), (B), (C) and (D) are same. 
(E) Boxplots representing the amplitude of leaf movement between maximum and minimum leaf 
elevation angles over the time period from t = 3 to t = 16 and computed for each individual leaf 
analyzed in (A-D). Solid and dashed plots represent data from high R/FR and low R/FR conditions, 
respectively. Two-way ANOVA followed by Tukey’s HSD test were performed and different letters 
were assigned to significantly different groups (p-value < 0.05). 
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movement in any of the two light conditions. Knowing that this mutant does not fully 
lack ABA responses and that additional members of the PYR1/PYL/RCAR family 
can be involved in the response, we further tested pyr1pyl1pyl2pyl4pyl8pyl9 and 
pyr1pyl1pyl2pyl4pyl5pyl8 sextuple mutants as well as the 
pyr1pyl1pyl2pyl4pyl5pyl8pyl9 septuple mutant (Fig. 6B-D). Interestingly, while the 
amplitude of the movement in standard conditions was higher in sextuple mutants 
compared to wild type, the former displayed a decreased response to shade (Fig. 
6E). This points towards opposite roles for ABA in diurnally-controlled versus low 
R:FR-induced hyponastic responses. The septuple mutant displayed the greatest 
defects in shade-induced hyponasty compared to the other mutants while it retained 
a wild type amplitude response in standard conditions. It is important to note that, 
similarly to ABA biosynthesis, a lack in ABA sensitivity may also lead to constitutively 
more erect leaves (Fig. 6C-D). Overall, the results obtained from ABA biosynthetic 
and signaling mutants clearly demonstrate the existence of a positive role for ABA 
during shade-induced leaf hyponasty. 
A potential role for ABA downstream of auxin signaling in shade avoidance 
Considering the importance of auxin in shade-induced leaf hyponasty (227, 230), we 
asked whether the increase in ABA levels observed in shade may potentially occur 
upstream or downstream of auxin signaling by quantifying ABA in key SAS mutants 
(43, 51, 54). Interestingly, the increase in ABA concentration observed in shaded 
wild type plants was totally or partially suppressed in triple pif4pif5pif7 and quadruple 
yuc2yuc5yuc8yuc9 mutants, respectively (Fig. 7). Based on these results, we can 
conclude that PIFs are crucial regulators of shade-induced biosynthesis of two major 
hormones, auxin and abscisic acid. In addition, these data suggest that shade-
induced ABA production may happen downstream of auxin signaling. This 
hypothesis would be in line with a previous observation in cleaver (Galium aparine) 
where exogenous auxin was shown to induce NCED expression and trigger 
consecutive increase in ABA levels (253). To challenge this hypothesis further, we 
tested if the positive effects of exogenous auxin on leaf hyponastic response 
observed in wild type plants were still present in aba2 mutants (Fig. 8). Interestingly, 
we observed that aba2 mutants were not only impaired in hyponasty induced by 
shade (Fig. 5) but also when triggered by exogenous auxin at the tip (Fig. 8). 
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Although these results are in agreement with our hypothesis according to which 
auxin signaling may lie upstream of ABA in the regulation of shade-induced leaf 




Figure 7. Shade-induced ABA biosynthesis is controlled by the PIF-YUC regulon. 
 
ABA concentration in rosettes of Col-0, pif4pif5pif7 triple and yuc2yuc5yuc8yuc9 quadruple 
mutant plants in high R/FR (blue) versus low R/FR (red) conditions at 2 hours (ZT5) after the start 
of the shade treatment. Plants were grown for 14 d in standard long-day [LD, 16-h light, 8-h dark 
(16/8)] conditions. ZT0 corresponds to the beginning of the light period on day 15. Shade treatment 
started on day 15 at ZT3 by adding FR light to decrease the R/FR ratio. Each bar plot represents 
data from 4 biological replicates.  Per replicate, 15 entire rosettes were harvested and frozen in 
liquid nitrogen. Error bars represent the twofold SE of mean estimates. Two-way ANOVAs 






Figure 8. Effects of exogenous auxin on hyponasty are strongly reduced in aba2 mutant. 
 
(A) Leaf elevation angle of leaves 1 and 2 in Col-0 (black) and aba2 mutant (red) plants with mock 
solution (solid lines) or 10µM IAA (dashed lines) applied to the tip of leaves 1 and 2. Plants were 
grown for 14 d in standard long-day [LD, 16-h light, 8-h dark (16/8)] conditions. Imaging started 
on day 15 at ZT0 (t = 0) and plants were maintained in LD conditions. At ZT3 (t = 3) on day 15 a 
1-µL drop of solution was applied to the tip of leaves 1 and 2 (adaxial sides). Data are mean of n 
= 26-30. Opaque bands around mean lines represent the 95% confidence interval of mean 
estimates. Vertical gray bars represent night periods. 
(B) Boxplots representing the amplitude of leaf movement between maximum and minimum leaf 
elevation angles over the time period from t = 3 to t = 16 and computed for each individual leaf 
analyzed in (A). Solid and dashed plots represent data from mock and IAA treatments, 
respectively. Two-way ANOVA followed by Tukey’s HSD test were performed and different letters 





The reduction in the environmental R:FR ratio constitutes an important signal 
informing the plant about the presence of competitors (254). In neighbor-detecting 
conditions, plants trigger an upward leaf movement which allows enhancing plant 
access to sunlight (112). Phytohormones are key actors in shade avoidance (38) 
and auxin was shown to be particularly important in the case of leaf hyponasty (48, 
49, 227, 230). Indeed, knocking out the four shade-induced genes of the YUCCA 
family, which are responsible for the rate-limiting step in auxin biosynthesis, totally 
suppresses low R:FR-induced hyponasty (227). So far, ABA had no clearly defined 
role in general leaf adaptation to shade including the response in leaf movement. In 
our study, we show for the first time that neighbor proximity signals induce a 
significant increase in expression of both NCED3 and NCED5 in Arabidopsis leaves, 
two genes playing an important role in growth and response to water stress in these 
organs (241) (Fig. 3). Interestingly, although NCED3 is widely induced in the leaf 
NCED5 induced expression is restricted to the petiole organ. This fits with the pattern 
in NCED5:GUS expression observed by Frey et al. (2012) (241). 
We also show a significant increase in leaf ABA levels in low R:FR conditions which 
is mediated by NCED3 and NCED5 (Fig. 4). Such positive effects of low R:FR on 
ABA levels were previously reported in axillary stem buds in Arabidopsis (86, 242). 
In addition, we report that this enhancement in ABA levels in the shaded leaves is 
under the regulation of the PIF-YUC regulon (Fig. 7). How PIFs and YUCs are 
regulating such increase remains an open question although we suspect that PIF- 
and YUC-mediated auxin production might be responsible for downstream activation 
of NCED expression in turn leading to increased ABA levels. Indeed, several studies 
previously noticed significant induction of NCED genes by exogenous auxin in 
different species including Arabidopsis (55, 243, 253). Interestingly, low R:FR signals 
were shown to induce an auxin response specifically in leaf vasculature which is the 
main site for NCED-induced ABA production in stressful conditions (227, 234). We 
can therefore hypothesize that detection of competitors at leaf margins, which are 
presumably the most adapted leaf sites for such a function, leads to PIF-mediated 
increase in auxin levels at these same sites (43, 227, 230). Auxin is then loaded in 
the vascular tissues and transported downwards to the petiole (227). On its way 
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down, auxin in turn triggers increased NCED expression and consecutive ABA 
production in leaf organs. 
Finally, our study sheds light on a direct link between ABA and a physiological 
response, leaf hyponasty, during leaf adaptation to shade. Indeed, we report here 
that functional ABA biosynthesis (Figs. 5 and 8) and ABA signaling (Fig. 6) are 
required for proper low R:FR- and auxin-induced hyponastic responses. 
Interestingly, PYR1/PYL/RCARs are mostly expressed in leaf vasculature and 
stomata (248), similarly to several ABA biosynthetic enzyme coding genes (207, 234, 
236, 238). This suggests that leaf vasculature might not only be a crucial site for ABA 
biosynthesis but also for ABA perception during shade-induced hyponasty. 
Considering that ABA plays a key role in leaf hydraulics partly, at least, through its 
regulation of the “xylem-mesophyll barrier” formed by the bundle sheath tissues 
(159), we hypothesize a mechanism where shade-induced ABA would influence 
turgor properties of the leaf rachis and mesophyll tissues in such a way that it would 
finally lead to more erect leaf organs. 
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General discussion  
Link between growth and movement in Arabidopsis 
Most studies related to how light regulates growth and movement in Arabidopsis 
focused on these traits separately (38, 65). Analyzing these traits simultaneously 
and in organs such as leaves requires sophisticated and costly methods but allows 
to investigate the way these two traits relate to each other. In recent years, efforts 
have also been made to develop imaging systems which are able to monitor growth 
in Arabidopsis leaves in a non-invasive manner (255, 256, 257). Among these 
systems, some offer the ability for simultaneous tracking of growth and movement in 
Arabidopsis leaves but further development is needed to increase the power and 
precision of such approaches (110, 258, 259). Based on the work of Dornbusch et 
al. (2012) (110), we developed a strategy allowing non-invasive monitoring of growth 
and movement with high temporal and geometrical precision in individual 
Arabidopsis leaves (225). Thanks to this technique, we described accurately the 
kinetics of growth and movement in both petiole and blade organs (225). Moreover, 
at the leaf level we observed a decoupling under certain light conditions between 
these two traits thereby suggesting a more complex relationship than previously 
thought (225). This is further supported by observations made by Cerrudo et al. 
(2017) and Keller et al. (2011) who reported a dissociation between elongation and 
movement in petiole organs (21, 260). Indeed, petioles of phyB mutants treated with 
methyl jasmonate and shaded petioles of plants impaired in auxin transport 
displayed significant defects in elongation while maintaining full hyponastic 
responses compared to the wild type. In line with these reports, our analysis of the 
massugu2 mutants shows that inhibiting auxin signaling strongly affects shade-
induced hyponasty without disrupting the elongation response in the petiole (227). 
In addition, ABA biosynthetic mutants are severely impaired in leaf growth (241) but 
nevertheless display movements with similar amplitude to wild type plants in 
standard light conditions (Ch. III, Fig. 5). Interestingly, Goyal et al. (2016) also 
reported a decoupling between growth and bending of the hypocotyl during 
phototropic response (29). Overall, these studies highlight a separation between 
growth and movement processes in different plant organs under specific 
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circumstances and are of particular interest considering the long-standing debate 
about how these processes are linked. 
It is generally assumed that leaf movement in pulvinus-lacking plants like 
Arabidopsis relies on differential growth. This hypothesis is further supported by a 
few studies which reported differential cell elongation between ab- and adaxial sides 
of petioles in Arabidopsis and Rumex plants grown in conditions of submergence 
(118, 119, 120). However, regarding the actual debate one should be cautious about 
the terminology and favor the usage of “differential elongation” instead of “differential 
growth”. Indeed, it is not clear yet if leaf movement in pulvinus-lacking species relies 
on reversible elongation rather than growth, as it is the case for pulvinus-possessing 
plants (114). To solve such a technically difficult question, future research should be 
designed in such a way that they combine non-invasive and long-term analysis of 
movement and elongation at both organ and cellular levels. 
Auxin signaling during shade-induced hyponasty: from 
site-specific shade perception to local leaf response 
Recently, our work and the work of Pantazopoulou et al. (2017) shed light on the 
particular importance of auxin during hyponasty not only when induced by shade but 
also when happening in standard high R:FR conditions  (227, 230). Far more is 
known about the regulation of stress-induced hyponasties than about the diurnally-
regulated hyponastic patterns in Arabidopsis leaves (112). Considering that diurnal 
hyponasty is maintained in constant light and that mutants with deregulated circadian 
clock are defective in such movement clearly shows the internal clock is crucial for 
maintaining the movement in high R:FR conditions (225). In addition, the central 
PIF4 and PIF5 regulators are essential for the amplitude of the movement in high 
R:FR (225) but also in low light conditions (21) while PIF7 would rather be involved 
in the response to neighbor detection (227, 230). In addition to the PIFs, the genes 
encoding for auxin biosynthetic steps are crucial in the establishment of leaf 
hyponastic responses under certain conditions. Hyponasty in sav3 mutants is absent 
in high R:FR, reduced in low R:FR and fully present under low light conditions (21, 
49, 110, 227). Concerning the yuc2yuc5yuc8yuc9 mutant, it maintains a wild type 
hyponasty in high R:FR while its response to low R:FR is abolished (227). All this 
suggests that SAV3-dependent auxin production is essential for the hyponastic 
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response in both high and low R:FR conditions and that YUCCA2,5,8,9-dependent 
auxin production is specifically stimulated in low R:FR thereby promoting increased 
leaf elevation in those conditions (45, 54). At late stages of a developing canopy, the 
role for auxin biosynthesis in hyponasty probably decreases while the role for auxin 
sensitivity gets more important (20, 56). 
Blade margins represent a major site for auxin biosynthesis in leaves (49, 50, 51). 
Interestingly YUC8 and YUC9 are mostly expressed at this place in leaves (54) and 
YUC8 and YUC9 seem to be of greater importance than YUC2 and YUC5 for the 
shade-induced hyponastic phenotype (230). Also, FR irradiation and exogenous 
auxin trigger a strong hyponastic response specifically when spotted at the leaf tip 
while similar treatments on the petiole do not lead to any upward movement (227, 
230). Overall, this suggests that the margins and the leaf tip in particular are crucial 
sites regarding shade sensing and the consecutive burst in auxin production. 
Pantazopoulou et al. (2017) further proposed, based on computational modeling 
approaches, that the tip represents the most adaptive site in leaves for sensing R/FR 
cues (230). This hypothesis makes sense as the modulation of R/FR ratios at this 
site relies mainly on the presence of neighbors rather than on the proximity with distal 
leaves, contrary to what would happen in the petiole. Interestingly when exogenous 
auxin is applied at side margins instead of tip the amplitude of the upward move is 
partly reduced and leaves reorient sideways in the opposite direction from the 
application site (227). In the future, performing such an experiment while replacing 
auxin treatment by FR irradiation may complement our actual findings. To 
summarize, we suggest that not only the tip but the margins in general are important 
for leaf reorientation in neighbor detecting environments. In line with this, SAV3-
dependent sideways leaf reorientation was shown to be important to avoid self-
shading between kin plant individuals (33). We also propose that sensing shade from 
side might allow leaves of the same rosette to reorient themselves accordingly to 
minimize self-shading. 
Assuming that margins are mostly responsible for the YUC-mediated auxin 
production in shade, a signal still has to be transported towards lower parts of the 
leaf in order to trigger hyponasty. Based on genetic and pharmacological data from 
auxin signaling and transport experiments (227, 230), we conclude that a strong 
auxin response happens in leaf vascular tissues in shade conditions and that such 
a response is required for a proper movement. Recent data obtained from quadruple 
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aux1lax1lax2lax3 mutants and synthetic auxins further confirmed the need for auxin 
transport from leaf blade down to the petiole (Ch. II, Figs. 1-3). While most auxin is 
transported basipetally through the vasculature of the petiole, a certain amount of 
auxin may be redistributed in lateral tissues through the PIN3,4,7-dependent shoot 
connective transport where it would then trigger downstream signaling events 
involved in the hyponastic response (62, 227, 230). Inhibiting auxin signaling 
specifically in the epidermis impairs both diurnal- and shade-induced leaf hyponastic 
responses (227). This suggests that auxin is required in the epidermis for movement 
but does not necessarily imply a specific role for the epidermis in the shade-induced 
response. To gain more knowledge about the potential involvement of individual leaf 
tissues in leaf hyponasty, additional experiments using tissue-specific approaches 
will be required. 
Finally, one of the key features of our work and the work of Pantazopoulou et al. 
(2017) concerns the local nature of the low R:FR-induced hyponastic response (227, 
230). Light conditions for plants in natural environments are often heterogeneous, 
especially for plants growing under a canopy where sunflecks and canopy gaps may 
offer only transient illumination (30). Therefore, plants may encounter situations 
where they are partly shaded. To adapt to such stressful situations, species like 
Arabidopsis and passionfruit (Passiflora edulis) have developed the ability to trigger 
local adaptive responses restricted to the shaded parts (33, 36). In both studies, we 
observed that in response to local shade or local auxin signals consecutive auxin 
dynamics and hyponastic responses are restricted to the treated leaf (227, 230). Our 
results constitute a first step in the understanding of local plant adaptation to shade 
and further research is required to shed light on the signaling events happening 
downstream of auxin. We therefore propose these spatially-restricted auxin 
dynamics as being part of a mechanism explaining local leaf hyponasty. 
Deciphering the role for abscisic acid during leaf 
adaptation to shade 
While the need for auxin in numerous aspects of plant development and adaptation 
to shade leaves no room for doubt, our knowledge about the role of ABA in those 
processes is still scarce. The enduring debate concerning the effects of ABA on plant 
growth illustrates well this lack of understanding (101, 213). After several days in low 
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R:FR conditions, an increase in leaf ABA levels was detected  in sunflower and 
tomato seedlings (87, 88). In Arabidopsis, a rapid (6 hours) reduction in ABA levels 
was observed in axillary stem buds of mature plants upon transfer from low to high 
R:FR (86, 242). No data has been published relative to the effects of FR signals on 
ABA levels in Arabidopsis leaves. However, five-week-old plants of the constitutive 
shade-avoidance phyB mutant display higher ABA contents in leaves relatively to 
wild type plants (261) but these results are in contradiction with recent data showing 
a reduction in ABA levels in two-week-old phyB mutants (209). This being said, the 
fact that the analyses were performed on plants at different stages of development 
might be a source of divergence. In our study, we report that neighbor proximity 
signals induce a rapid (2 hours) increase in ABA concentration in rosette leaves (Ch. 
III, Fig. 4). Considering endogenous ABA levels which cycle over 24 hours (165), the 
relative increase in ABA levels is particularly important the first hours after the start 
of the FR treatment in the morning (Ch. III, Fig. 4).  
The NCED family is considered as the rate-limiting step in ABA biosynthesis and has 
been especially studied during adaptive responses to water deprivation (90). 
Expression of NCED3, which plays a primary role in drought-induced leaf ABA 
biosynthesis (241), is induced by FR signals in axillary buds, hypocotyl and petioles 
in Arabidopsis (45, 58, 86). Our results show that, while NCED3 expression is 
induced by FR signals in both petiole and blade, NCED5 induction is restricted to the 
petiole (Ch. III, Fig. 3). Interestingly, knocking out these two genes suppresses both 
the enhancement of ABA levels and the hyponastic response observed in shaded 
leaves (Ch. III, Figs. 3-4). This stresses the particular importance of NCED3 and 
NCED5 in ABA-mediated leaf development (241) but also in ABA-mediated leaf 
adaptation to shade. More generally, this also confirms the critical role for NCED3 in 
the production of ABA in leaves under stressful light conditions (86, 203). 
An important question is how shade proximity signals lead to the enhancement of 
NCED expression and consecutive ABA production in leaves. The lack of shade-
induced ABA production in triple pif4pif5pif7 mutants strongly suggests that shade-
regulated NCED expression relies on these PIFs (Ch. III, Fig. 7). This hypothesis is 
supported by the fact that NCED3 expression is deregulated in pif4pif5 double 
mutants relatively to wild type plants (44). Moreover, PIF4 binds to the promoter 
regions of NCED3 and NCED5 and this could point towards a direct regulation of 
NCED expression by the PIFs (262). Analysis of NCED expression in pif mutants as 
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well as ChIP-qPCR approaches with individual PIFs would allow to understand if and 
how PIFs regulate NCED expression in low R:FR conditions. Intriguingly, the 
increase in ABA levels in shade is also affected in the quadruple yuc2yuc5yuc8yuc9 
mutant (Ch. III, Fig. 7). This indicates that such enhancement might depend not only 
on PIFs but also on increased auxin biosynthesis. A few studies support this 
hypothesis by showing that NCED expression, and in some cases ABA production, 
can be triggered by exogenous auxin treatments (55, 243, 253). To answer this 
question, one could for instance analyze NCED expression and ABA levels in leaves 
treated with exogenous auxin. In addition to auxin, hydraulic signals induced by an 
alteration in plant hydraulic properties are also capable of modulating ABA levels 
(263). In several plant species indeed, an increase in ABA levels is observed within 
minutes following a reduction in leaf turgor (204). Interestingly, such a rapid increase 
in ABA levels was accompanied by an increase in NCED3 expression in Arabidopsis 
leaves (206). One may further hypothesize that a change in light conditions may 
rapidly modulate turgor of specific leaf tissues in turn triggering de novo ABA 
biosynthesis. 
Another striking feature of our work concerns the discovery of a new functional 
relationship between shade avoidance and ABA physiology. Formerly, Reddy et al. 
(2013) first highlighted a role for ABA in plant adaptation to proximity signals by 
showing that ABA is necessary for the suppression of bud outgrowth in low R:FR 
conditions (86). Here, we attribute a new function to ABA in such light conditions. 
Clearly, we demonstrate that low R:FR-induced leaf hyponasty requires intact ABA 
biosynthesis and signaling (Ch. III, Figs. 5 & 6). Curiously, while ABA is required for 
general leaf positioning (129, 140, 161), ABA mutants still display wild type 
movements in standard light conditions and seem to be exclusively impaired in their 
ability to respond to competitive signals (Ch. III, Figs. 5 & 6). Furthermore, the fact 
that ABA mutants are strongly impaired in leaf elongation (241) under normal 
conditions while they maintain wild type movements is an additional argument 
pointing towards a decoupling between these two processes. All this indicates that 
the presence of ABA remains essential to normal plant development and growth but 
that ABA levels are specifically modulated in stressful light conditions in order to 
reorient leaves accordingly.  
It was previously reported that exogenous ABA treatments have negative effects on 
leaf hyponasty in plants grown in high R:FR conditions (140). This may be surprising 
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when considering the positive effects of this hormone on shade-induced leaf 
hyponasty (Ch. III). However, one must be cautious in the interpretation of data from 
experiments using exogenous ABA treatments as literature reports diverging effects 
for this hormone on growth (101). Moreover, contrary to auxin whose production 
happens mainly at leaf margins (50, 51), ABA mostly derives from leaf vascular 
tissues (207, 236, 238). It is therefore complicated to mimic the stress-induced ABA 
production simply by applying this hormone exogenously. This also points towards 
the importance of localized approaches and analyzing lines with tissue-specific ABA 
responsiveness would be an excellent approach to tackle such a challenging issue. 
Tissue-specific approaches allowed, for instance, to understand ABA-mediated 
tissue-specific mechanisms underlying root hydrotropism (100). Last but not least, 
investigating the role of ABA in shade-induced hyponasty by manipulating hydraulic 
properties in specific plant tissues would be very useful. Indeed, ABA is the major 
hormone regulating plant hydraulics and this is likely that it affects leaf movement 
through modulation of plant hydraulic processes. A few studies previously stressed 
the existence of links between defects in plant hydraulics and defective leaf 
movements in pulvinus-lacking plants like Arabidopsis (161, 208), not to mention the 
numerous associations between water transport and leaf movement observed in 





In the present study, I first develop a new approach based on laser-scanning 
technology which allows tracking of growth and movement in individual Arabidopsis 
leaves (225). Using such an approach, I report precise patterns of growth and 
movement at the whole leaf level but also in petiole and blade organs separately. I 
show that growth and diurnally-controlled hyponasty, both being regulated by the 
internal clock and the PIFs, initiate at dawn in the blade and then continue in the 
petiole. Interestingly, at the whole leaf level growth and movement can decouple in 
certain light conditions.  
Next, I describe a mechanism that allows plants to regulate hyponasty in their leaves 
in response to neighbor proximity signals (Fig. 1) (227). FR light signals reflected by 
neighbours are perceived specifically at the tip of the blade where they trigger an 
increase in auxin production at this location (Fig. 1A). Such increase in auxin 
production is mediated by PIFs (PIF4, PIF5, PIF7), with PIF7 playing a predominant 
role, as well as by four shade-induced YUCCAs (YUC2, YUC5, YUC8, YUC9). 
Based on these observations, I then discover that the hyponastic movement 
observed in shade can be mimicked by applying auxin exogenously at the tip of the 
leaf. In addition, when put at side margins instead of tip auxin triggers a reorientation 
of the leaf sideways.  
Furthermore, I stress the necessity for auxin transport from the tip down to the petiole 
mainly happening through the vasculature of the leaf and in an AUX1/LAX1,2,3- and 
PIN3,4,7-dependent manner (Fig. 1B). On its way down, auxin may in turn induce 
the expression of NCED3 and NCED5 thereby leading to increased ABA levels. 
Indeed, an increase in the production of ABA is observed in shaded leaves, this 
increase requiring the presence of the PIF-YUC regulon as well as the two NCEDs. 
However, it cannot be excluded that the induction of NCEDs rely on PIF-mediated 
mechanisms other than shade-induced auxin biosynthesis (45, 56). For instance, 
one can imagine a direct regulation of NCEDs by the PIFs, especially knowing that 
both NCED3 and NCED5 promoters are potentially targeted by PIF4 (262). In order 
to achieve a proper hyponastic response, auxin signaling is required not only in the 
vasculature but also in outer tissues of the petiole. Interestingly, blocking auxin 
signaling in the vasculature decouples growth from movement at the petiole level. 
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Finally, my study presents new evidence for the involvement of abscisic acid in the 
shade-induced nastic response (Fig. 1C). Mutants lacking a functional ABA 
biosynthesis and signaling are affected in both shade- and auxin-induced nastic 
responses. How and where auxin and ABA signaling pathways are coordinated and 
ultimately lead to the hyponastic response in shade conditions is still unclear. One 
hypothesis could be that ABA plays a role in auxin sensitivity in a PIF-dependent 
manner (44, 45, 56, 264), potentially by enhancing the effects of auxin on hyponasty 
through inhibition of the negative Aux/IAAs regulators (91). The present study also 
determines the local nature of leaf hyponasty in response to neighbor detection. 
Indeed, simulating shade conditions at the tip of a specific leaf triggers a movement 
that is restricted to this same leaf. Similarly, I observed that the auxin response is 
limited to the treated leaf and I therefore propose that such restricted auxin dynamics 






Figure 1. Experimental model of leaf hyponasty in response to local neighbor detection. 
 
(A) FR signals reflected from neighbors are sensed at the leaf tip where it leads to the inactivation 
of phyB and the consecutive release of PIFs activity (PIF4, PIF5, PIF7). PIFs (especially PIF7) in 
turn induce expression of four YUCCAs (YUC2, YUC5, YUC8, YUC9) thereby triggering a burst 
in auxin biosynthesis at leaf tip. (B) Newly produced auxin is transported mainly along leaf 
vasculature from leaf tip downwards to the leaf petiole through AUX1/LAXs importers (AUX1, 
LAX1, LAX2, LAX3) and PIN exporters (PIN3, PIN4, PIN7). On its way down through the vascular 
tissues, auxin potentially induces expression of NCEDs (NCED3, NCED5) thereby resulting in an 
increase in ABA levels. Besides auxin, PIFs may also directly regulate NCED expression through 
their binding to NCED promoter regions. (C) In the petiole, auxin inhibits the activity of the negative 
Aux/IAAs regulators and positively impacts on the hyponastic response. In parallel, perception of 
ABA through the receptors of the PYR/PYL/RCAR family triggers downstream signaling events 
leading to the leaf hyponastic response. ABA may also play a positive role in the response through 
its putative inhibition of the Aux/IAAs thereby potentiating the effects of auxin on leaf hyponasty. 
(A-C) Red and blue arrow-/bar-headed lines indicate established and putative relationships, 







Based on our experimental model, follow-up experiments should first allow to get a 
better understanding of the signaling cascade taking place from shade perception to 
the upregulation of NCEDs. One should start by analyzing NCED expression as well 
as quantifying auxin and ABA levels in petiole and blade organs of typical shade-
avoidance mutants such as pif, yucca, msg2 and pin mutants. This would help in 
knowing which steps, if any, of the auxin pathway (biosynthesis, transport, signaling) 
do interfere with NCED expression and in which organs it happens. In addition, 
performing such experiments in plants treated with auxin at leaf tip would constitute 
a complementary approach. In case shade-induced NCED expression rather 
depends on auxin-independent pathways, ChIP-qPCR experiments would help to 
discover potential direct interactions between PIF transcription factors and NCED 
promoter regions.  
Later, one should perform experiments aiming at deciphering how and where ABA 
perception takes place in the plant and ultimately triggers the shade-induced leaf 
hyponastic response. For this, one could for instance analyze the expression of ABA 
reporters at the whole plant level as well as in petiole cross sections. Also, testing 
the effects on leaf movement of applications of ABA and ABA inhibitors (265) at 
specific sites may lead to interesting results. In case one finds that applying ABA in 
a certain way would lead to hyponasty, we could then perform such an experiment 
with auxin defective msg2 mutants to see if exogenous ABA is sufficient to rescue 
the defects in shade-induced hyponasty in such mutants. Based on the work of Park 
et al. (2015) and Barberon et al. (2016), one should also analyze shade-induced leaf 
hyponasty in lines triggering or inhibiting ABA responses in targeted leaf tissues 
(266, 267).  
On a longer term, our phenotyping pipeline could be exploited for a large screening 
of ethyl methanesulfonate (EMS) mutagenized plants in order to find new loci 
involved in leaf hyponasty. Genome-wide association studies (GWAS) based on 
phenotypic data from a range of Arabidopsis accessions could also lead to the 
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